













This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 
terms and conditions of use: 
 
This work is protected by copyright and other intellectual property rights, which are 
retained by the thesis author, unless otherwise stated. 
A copy can be downloaded for personal non-commercial research or study, without 
prior permission or charge. 
This thesis cannot be reproduced or quoted extensively from without first obtaining 
permission in writing from the author. 
The content must not be changed in any way or sold commercially in any format or 
medium without the formal permission of the author. 
When referring to this work, full bibliographic details including the author, title, 






Experimental and Theoretical Studies of 
Electronic and Mechanical Properties of two-










A thesis submitted for the degree of Doctor of Philosophy. 
The University of Edinburgh 
2018 
 
   
 ii 
Abstract 
Two-dimensional (2D) transition metal dichalcogenides (TMDs) with intrinsic band 
gaps are considered to be prospective alternatives for graphene in the applications of 
emerging nano-semiconductor devices. As a significant member of the TMDs family, 
WSe2 with superior optical properties attracts increasing attention, especially in the 
optoelectronics. In this thesis, the electronic and mechanical properties of 2D WSe2 
have been studied experimentally and theoretically. Firstly, the fabrication of 
substrate-supported and suspended pre-patterned WSe2 FETs with the low-cost optical 
lithography and vapour HF etching technology have been realised. The subsequent 
electrical measurement of the fabricated WSe2 FETs indicates that the WSe2/dielectric 
interface can affect the electrical performance of 2D WSe2 negatively. To gain more 
insights on the impact of field-effect on 2D WSe2, first-principle calculations have 
been conducted in this research to study the evolutions of the crystal structure, 
electronic band structure, conductive channel size, and electrical transport property of 
WSe2 under various levels of field-effect. Furthermore, a layer thinning and chemical 
doping method of 2D WSe2 by vapour XeF2 exposure featured with good air-stability, 
scalability, and controllability has been developed to enable the layer engineering of 
2D WSe2 and integration of 2D WSe2 to logic circuits, solar cells, and light-emitting 
diodes (LED). The thinning and doping mechanism has been investigated with a 
combination of Raman spectroscopy, photoluminescence (PL) spectroscopy, and X-
ray photoelectron spectroscopy (XPS) characterization techniques. Afterwards, the in-
plane elastic properties (including the Young’s modulus, breaking strain, and etc.) of 
2D WSe2 have been measured with nanoindentation experiments implemented by 
atomic force microscopy (AFM). The results prove the suitability of 2D WSe2 in the 
applications of flexible devices and nanoelectromechanical systems (NEMS) 
operating in the audio resonance frequency, such as acoustic sensors and loudspeakers. 
To provide a comprehensive understanding of the strain engineering of 2D WSe2, the 
strain induced variations of the crystal structure, electronic band structure, and 
electrical transport property of 2D WSe2 have been further studied with first-principle 
calculations, which paves the way for the performance tuning of 2D WSe2 devices via 
strain and applications of 2D WSe2 in strain sensors.  
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Lay summary 
Two-dimensional (2D) transition metal dichalcogenides (TMDs) with intrinsic band 
gaps are prospective alternatives for graphene in the applications of emerging nano-
semiconductor devices, which has attracted tremendous attention recently. In this 
work, some fundamental studies have been conducted on 2D WSe2 being a significant 
member of the TMDs family. Firstly, the impact of the field-effect on 2D WSe2 has 
been investigated with electrical measurements of the WSe2-based field-effect 
transistors (FETs) together with first-principle calculations. The calculation results 
predict that novel gate-controlled spintronics and nanogenerators could be built from 
2D WSe2. Then a chemical doping method of 2D WSe2 with good air stability and 
controllability has been developed, which enables the future applications of 2D WSe2 
in complex logic circuits, solar cells, and light-emitting diodes (LEDs). Afterwards, 
the in-plane elastic properties of 2D WSe2 have been measured experimentally. The 
results show that 2D WSe2 is more suitable for building flexible devices and acoustic 
sensors/loudspeakers, due to its lower Young’s modulus compared to other 2D 
materials. At last, first-principle calculations have been performed to study the 
influence of strain on the electronic property of 2D WSe2 aiming to pave the way for 
the future application of 2D WSe2-based strain sensor.  
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Chapter 1 Introduction 
This chapter first gives an overall introduction to the unique characteristics of 
two-dimensional (2D) materials especially transition metal dichalcogenides (TMDs) 
in Section 1.1. Then current experimental research progress relating to the mechanical 
properties of 2D materials and their potential applications in the future will be 
reviewed in Section 1.2 and Section 1.3, respectively. Afterwards, Section 1.4 will 
present the subject of this research, and Section 1.5 will provide the outline of this 
thesis.  
1.1 Introduction to 2D transition metal 
dichalcogenides (TMDs) 
Since the first successful preparation of graphene (a single layer of carbon atoms 
arranged in a hexagonal lattice as shown in Figure 1-1a) by mechanical exfoliation 
from graphite crystals in 2004 [1], two-dimensional (2D) materials have attracted 
dramatic attention due to their extraordinary physical properties (high Young’s 
modulus and high ultimate tensile strength) [2-7] and outstanding electrical properties 
[1] compared with conventional bulk materials. In the past few years, graphene, with 
the highest measured Young’s modulus (≈1 TPa) [3], is the most widely studied 2D 
material. Studies have shown that graphene filled into the polymer matrixes can 
reinforce the mechanical properties of the composites significantly [8]. However, 
pristine graphene does not have a band gap [9], which limits its applications in the 
fields requiring a semiconducting material. Distinct from graphene, the transition 
metal dichalcogenides (TMDs) with the formula MX2 in the 2H phase (one layer of 
transition metal M atoms sandwiched between two layers of oxygen family X atoms 
with the hexagonal symmetry as shown in Figure 1-1b) possess intrinsic band gaps 
[10, 11]. Figure 1-2 compares the transfer characteristics of field-effect transistors 
(FETs) made from graphene and monolayer MoS2. The current on/off ratio of the 
graphene FET is below 10 (Figure 1-2a), while the MoS2 FET can reach as high as 
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1×106 (Figure 1-2b), showing the great advantages and suitability of TMDs in 







Figure 1-1. The schematic structures of graphene (a) and monolayer TMD (b) with the formula 




Figure 1-2. (a) Typical transfer characteristics for two top-gated graphene FETs. The current 
on/off ratios are about 3 (MOSFET 1) and 7 (MOSFET 2), far below what is needed for 
applications in logic circuits. [16] (b) Transfer characteristic for a back-gated monolayer MoS2 
FET with the current on/off ratio higher than 1×106 for the ±10 V range of gate voltage Vbg. 
[17] 
In addition, as the gate length of metal-oxide-semiconductor field-effect transistors 
(MOSFETs) rapidly approaches sub-10 nm scale, the short-channel effect is becoming 
a key factor for limiting the miniaturization of conventional Si-based transistor [18]. 
The layered 2H-TMDs, such as MoS2, WS2, and WSe2, with promising carrier 
transport properties, high on/off ratio, and most importantly, scalable thickness down 
to monolayer, have triggered tremendous interest in the application of future scaled 
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devices [17, 19]. Figure 1-3 demonstrates a prototype of MoS2 FET with only 1 nm 
gate length using carbon nanotube (CNT) as the gate electrode, which exhibits 
excellent switching characteristics with near ideal subthreshold swing of ≈65 mV per 
decade and an on/off current ratio of ≈106. Furthermore, by using the dependence of 
TMD-based FETs’ electrical performance on different operating conditions, TMD-
based FETs have been demonstrated widely for sensing applications, such as 
strain/pressure/motion sensor [20-22], gas sensor [23-26], and biosensor [27, 28]. 
Moreover, the existence of piezoelectrical and more sensitive piezoresistive effects in 
TMDs compared to graphene makes them more attractive for innovative applications 




Figure 1-3. (a) Schematic of 1D2D-FET with a MoS2 channel and CNT gate. (b) Optical image 
of a representative device shows the MoS2 flake, gate (G), source (S), and drain (D) electrodes. 
(c) Transfer characteristics of a bilayer MoS2 channel CNT gated FET at VBS = 5 V and VDS = 
50 mV and 1 V. [19] 
Meanwhile, the properties of TMDs are layer-dependent which has attracted dramatic 
attention recently. A transition from an indirect band gap in the bulk TMDs to a direct 
gap in the monolayer TMDs has been reported [10, 31]. For WSe2 the indirect band 
gap of 1.1 eV in the bulk crystal increases to a direct band gap of 1.6 eV in monolayer 
form [32]. The direct band gap also results in enhanced photoluminescence efficiency 
from monolayer TMDs. Particularly, the 2D WSe2, reported to own high optical 
quality, including strong photoluminescence intensity (100 to 1000 times stronger than 
the bulk materials) [10] along with high electroluminescence (photon emission rate of 
≈16 million s−1 at the applied current of 35 nA) [33] and photo-conversion efficiency 
   
 4 
(up to 6.7% under 532 nm illumination) [34], is a promising 2D material for 
applications in optoelectronic devices.  
1.2 Mechanical properties of 2D materials 
So far no plastic deformation has been observed from 2D materials, therefore 2D 
materials are generally considered to be brittle materials. In this section, the 
experimentally measured elastic properties and strain induced band gap change of 
various 2D materials from previous reports will be presented and compared.  
1.2.1 Elastic properties 
In layered 2D materials, the nearby atoms in the same plane are bonded covalently 
with low defect densities resulting in strong in-plane mechanical properties, while the 
interlayers are stacked together via weak van der Waals interaction, allowing layers to 
slide easily when shear stress is applied, the effect of which can give rise to lubrication 
properties. The above features result in possession of high anisotropy between in-plane 
and out-of-plane mechanical properties of 2D materials. Table 1-1 summarizes the 
reported in-plane mechanical properties of 2D material families ranging from 
conductor (graphene), semiconductor (TMDs and black phosphorus (BP)) to dielectric 
(graphene oxide (GO), mica, and h-BN) under application of tension. Overall, the 
Young’s moduli of 2D materials are generally larger than the corresponding bulk 
crystals, due to lower crystal defects and interlayer stacking faults in 2D materials [6].  
Pristine monolayer graphene (prepared by mechanical exfoliation from bulk graphite) 
is reported to be the 2D material with the highest Young’s modulus ≈1 TPa [3, 35, 36] 
so far, because of the strong in-plane covalent carbon-carbon bonds. Meanwhile, the 
Young’s moduli of some 2D materials (e.g., MoS2, BP and h-BN) [2, 7, 37, 38] have 
been found to decrease with an increase in their thickness (number of layers), which 
is possibly caused by interlayer sliding in multilayer 2D materials during measurement 
[7]. Furthermore, the 2D materials with highly anisotropic in-plane atomic structure, 
such as BP, present anisotropic in-plane Young’s moduli along different crystal 
orientations [39].  
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1 1000 ± 100 70~740 130 ± 10 ≈12 [3] 
23–43 ≈1000  N/A N/A N/A [40] 
4 930 ± 48 N/A N/A N/A [41] 
1–5 1000 ± 31 N/A N/A N/A [36] 






1 ≈1550 200~800 80~94  N/A [43] 
Graphene  
(GO reduced) 
1 250 ± 150 N/A N/A N/A [4] 
Graphene  
(CVD grown) 
1 ≈157 ≈85 ≈35 N/A [44] 









1 270 ± 100  20~100 22 ± 4 6~11 [7] 
2 200 ± 60 21 ± 6 
5–25 330 ± 70 50 ± 20 N/A N/A  [6] 
MoS2  
(CVD grown) 
1 260 ± 18  110 ± 40 N/A N/A [37] 
2 231 ± 10 N/A 
WS2  
(CVD grown) 
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17 276 ± 32  180~1200 >25 >8 [38] 





1 208 ± 23  54 ± 14  N/A N/A [47] 
2 224 ± 18 32 ± 6 




2–14 202 ± 22 140 ± 80 4~9 2~4.5 [48] 
h-BN  
(CVD grown) 
2 279 ± 20  8.8 ± 1.2  ≈9 2.2 [2] 
4 269 ± 13 12.8 ± 1.3 
5 252 ± 15 15.7 ± 1.5 
 
In addition, the mechanical property of 2D materials largely depend on the density of 
crystal defects and thus is related to the preparation method. For instance, the larger 
number of vacancy defects and the existence of wrinkles in the 2D materials can 
contribute to weaker mechanical properties [4, 44]. Research has shown that the 
mechanical properties can be recovered by flattening the wrinkles in chemical vapour 
deposition (CVD) graphene with a small pre-stretch [46]. In addition, the presence of 
a greater number of grain boundaries can affect the Young’s modulus of 2D materials 
negatively [45]. More interestingly, the mechanical properties of 2D materials can also 
be improved by introducing certain level of defects, such as Ar+ plasma irradiation 
[43]. 
The factors that can affect the pretension in the measured 2D materials are quite 
complicated. The pretension not only depends on the intrinsic mechanical properties 
of 2D materials but also the approach of transferring 2D materials onto the substrates. 
Therefore, the pretension values of the measured 2D materials in Table 1-1 vary 
significantly. Generally speaking, the dry transfer process with Scotch tape or 
viscoelastic stamp introduces higher pretension compared with wet transfer process 
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such as solution-based deposition [47]. Annealing, as a common method to remove 
the fabrication residues on 2D materials, can introduce thermal stress due to the 
different thermal expansion coefficients between 2D materials and substrates. 
In addition, the 2D materials with higher Young’s moduli usually possess higher 
breaking stress (the maximum stress a material can withstand before breaking), as 
presented in Table 1-1. Many reports have found that the breaking stress of 2D 
materials can reach the theoretical upper limit (EY/9) [7], where EY is the Young’s 
modulus, due to low disorders and impurities in the characterized 2D materials. The 
existence of anisotropic breaking stress along armchair and zigzag directions has been 
found in black phosphorus (BP), possibly contributing from its anisotropic Young’s 
modulus [39]. Except for the 2D dielectrics (mica and h-BN), the breaking strain (the 
amount of strain which can cause materials to break) of most 2D materials is above 
7%, which is comparable to the common materials used for substrates of flexible 
devices, namely polyimide (PI) or polydimethylsiloxane (PDMS) [49].  
1.2.2 Strain engineering of band gap 
Recent experimental studies have shown that the strain in 2D materials can modify the 
band gaps of TMDs. The evolution of band gaps of 2D materials under strains have 
been investigated widely so far through photoluminescence (PL) spectroscopy [50-
53]. The working mechanism of PL spectroscopy for detecting the band gap of 
semiconductors will be introduced in Section 2.2. So far, the theoretically predicted 
band gap opening in graphene by strain has not been achieved in experiments. Most 
of the studies with respect to the band gap engineering with strain focus on the 
semiconducting 2D materials, especially 2D 2H-TMDs.  
Taking 2D MoS2 for example [50], the PL spectrum of unstrained monolayer MoS2 
mainly comprises of an A peak at ≈1.82 eV originating from the direct transition at the 
K point of the Brillouin zone (Figure 1-4a). Whereas, apart from the A peak, the PL 
spectrum of bilayer MoS2 features an additional I peak located at ≈1.53 eV due to the 
transition across the indirect band gap between the Γ and K points (Figure 1-4c). When 
the tensile strain is applied, the A peak of monolayer MoS2 redshifts approximately 
linearly with strain at a rate of 45 ± 7 meV/% (Figure 1-4b). For bilayer MoS2, the A 
and I peaks are redshifted with rates of 53 ± 10 and 129 ± 20 meV/% under strain, 
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respectively (Figure 1-4d). The observed redshifts of the PL peaks are indicative of 
tensile strain induced band gap reductions of MoS2. In addition, a transition from an 
optically direct to indirect material under tensile strain has been observed from 
monolayer MoS2 [50], while multilayer WSe2 has been reported to undergo strain-
induced indirect to direct band gap transitions [51].  
 
Figure 1-4. Photoluminescence (PL) spectra of strained MoS2. (a) PL spectra of a monolayer 
MoS2 strained from 0 to 1.8%. (b) Evolution of the A peak position of the PL spectrum under 
strain for several monolayer MoS2. (c) PL spectra of a bilayer MoS2 as strain increases from 0 
to 0.6%. (d) PL peak positions for the A and I peaks of several bilayer MoS2 as a function of 
strain. Insets in (a) and (c) present schematic band structures of monolayer and bilayer MoS2 
under 0% (black), ≈5% (brown), and ≈8% (red) strains. [50] 
Table 1-2 lists the experimentally measured shift rates of the PL peaks under strain for 
various TMDs. The consistently negative shift rates obtained from the listed TMDs 
indicate that the band gaps of the TMDs can be reduced (increased) as the tensile 
(compressive) strain increases. However, the sensitivities of band gaps to strain might 
be distinct depending on the preparation method of 2D TMDs (mechanical exfoliation 
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or CVD growth), the composition of 2D TMDs, and the type of applied strain (uniaxial 
or biaxial).  
Table 1-2. Summary of the PL peak shift rates of semiconducting 2D TMDs under strains. 
Material Number 
of layers 



















2 −53 ± 10 −129 ± 20 













2 −48 ± 5 −77 ± 5 












































1.3 Applications of 2D materials 
By taking advantage of the extraordinary mechanical properties (high breaking strain 
as listed in Table 1-1) as well as mechano-electric transduction properties 
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(piezoresistivity and piezoelectricity), 2D materials have been demonstrated to be 
promising for novel applications of flexible electronics, strain sensor, nanogenerator, 
and resonator. In this section, some examples of such applications of 2D materials will 
be given.  
1.3.1 Flexible FET 
The combination of high breaking strain, low thickness and versatile electronic 
properties of 2D materials makes them competitive contenders for flexible electronic 
applications. The semiconducting properties of TMDs can be used as channel materials 
in flexible transistors while pristine graphene with relatively high conductivity is 
suitable as an electrode material. Mica and h-BN with large band gaps can be used for 
2D gate dielectrics [59, 60]. Figure 1-5a shows a flexible and transparent FET 
fabricated from all-2D materials on a polyethene terephthalate (PET) flexible substrate 
[61]. The structure of the FET is depicted in the inset of Figure 1-5b. As shown in 
Figure 1-5b, the device has been found to exhibit a p-type FET characteristic with 
slight alternations within 2%. strain. Figure 1-5c shows the output characteristics of 
the flexible transistor with the feature of current saturation similar to conventional Si-

























































Figure 1-5. (a) All-2D materials-based FETs on a flexible PET substrate. (b) Transfer 
characteristics of the FET without (black) and with (red) 2% strain. Inset: side view schematic 
of the flexible FET. (c) Output characteristics of the FET. Adapted from [61]. 
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1.3.2 Strain sensor 
As mentioned in Section 1.2.2, 2D materials undergo band gap change when external 
strain is applied [56, 62]. In addition, the distortion of 2D materials may result in 
additional carriers scattering thus reducing the carrier mobility [63]. The above factors 
contribute to the piezoresistive effect, in which the resistivity of 2D materials is 
modulated by mechanical deformation. Thus, 2D materials can be used as strain or 
pressure sensor [64, 65] by taking advantage of the piezoresistive effects. The 
sensitivity of a strain sensor is usually characterized by its gauge factor (GF), defined 
as (ΔR(ε)/R0)/ε, where R0 is the total resistance of the unstrained device and ΔR(ε) is 
the resistance change under strain ε. The GF of pristine graphene has been 
characterized to be as low as ≈2 [65-69] due to the zero band gap and large strain 
required to open the band gap, which can be a significant disadvantage for strain 
sensors. On the other hand, the GF of monolayer MoS2 can reach approximately −200 
[30, 70] resulting from the higher sensitivity of the decreasing band gap along with the 
direct-indirect band gap transition under tensile strain, which makes MoS2 more 
suitable for strain sensing applications. The sensing performances of 2D strain sensors 
can also be enhanced by optimizing the structure design, such as the piezopotential-
gated graphene matrix sensor arrays (GF = 389, Figure 1-6a) [29], quasi-continuous 
nanographene film sensor (GF = 507, Figure 1-6b) [71, 72], and graphene woven fabric 
sensor (GF = 1000) [73, 74].  
(b)(a)































Figure 1-6. Sensing characteristics of (a) piezopotential-gated graphene matrix strain sensor 
(adapted from [29]) and (b) quasi-continuous nanographene film strain sensor (adapted from 
[71]). 
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Moreover, the piezoresistive effect, combined with the high breaking strain of 2D 
materials enable the design of wearable strain sensors for human motion detection. 
Figure 1-7(a) shows a prototype of a tactile sensor fabricated with graphene films on 
a PDMS substrate attached onto a human wrist. As shown in Figure 1-7(b), the motions 
of the test subject can be captured clearly with the fabricated strain sensor by 




Figure 1-7. (a) A graphene tactile strain sensor attached onto the wrist detecting the hand 
motion. (b) The electrical response of the tactile strain sensor in the different hand motions 
shown in (a). [29] 
1.3.3 Nanogenerator 
Research has shown that TMDs with an odd number of layers possess the piezoelectric 
property due to the absence of inversion symmetry [30, 75]. Figure 1-8a shows a 
flexible device made of a monolayer MoS2 flake outlined with black dashed lines. 
When the substrate is bent from the two ends mechanically, the MoS2 flake will be 
stretched, and hence piezoelectric polarization charges will be induced at the zigzag 
edges of the MoS2 flake which can drive the flow of electrons in an external circuit as 
depicted in Figure 1-8e. When the substrate is released, electrons flow back in the 
opposite direction as shown in Figure 1-8f. Figure 1-8b-c show that the periodic 
stretching and releasing of the substrate can generate piezoelectric outputs in the 
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external circuit with varying polarity which converts mechanical energy into 
electricity. A maximum mechanical-to-electrical energy conversion efficiency of 
5.08% has been achieved from the device [30]. The existence of piezoelectricity, 
together with the mechanical flexibility of some 2D materials demonstrate their 








Figure 1-8. (a) A flexible device made from a monolayer MoS2 flake and metal electrodes at 
its zigzag edges. (b) Applied periodic strain via bending of the substrate versus time. (c) 
Corresponding piezoelectric outputs when strain is applied along the armchair direction. 
Operation of the MoS2-based piezoelectric device in the initial state (d), bent state (e), and 
released state (f). [30] 
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1.3.4 Resonator 
Nanoelectromechanical systems (NEMS) resonator, a kind of resonator with the 
suspended structure on the nanoscale, offering the potential for extreme mass and force 
sensitivity [76, 77], has triggered intense interest in recent years. The resonant 
frequency of the resonators depends greatly on their geometry and mechanical 
properties of the vibrational materials (such as Young’s modulus and mass density) 
[78]. As the sensitivity of resonators improves with increasing resonant frequency, 
graphene is promising for highly sensitive NEMS applications due to its ultrahigh 
Young’s modulus. Figure 1-9a shows a schematic (left) and an SEM image (right) of 
a graphene resonator. The electrical actuation and detection of the mechanical 
vibrations of the graphene resonator are presented in Figure 1-9b. A DC voltage Vg 
applied to the gate causes static deflection of the graphene towards the gate. The 
resonant motion is actuated by an AC voltage with an amplitude of Va and frequency 
of ωa applied to the drain electrode and read out by current mixing method [76] using 
a lock-in amplifier. As shown in Figure 1-9c, when Vg = 0 V and Va = 250 mV, the 
fundamental resonance frequency (Peak A) is ≈1 MHz and the second vibration mode 
(Peak B) is measured to be ≈2 MHz. The amplitude of vibrational modes increases 
with increasing Va. However, the resonant frequency decreases as Va increases due to 
nonlinear damping effects at higher resonance amplitudes [79]. By operating the 
graphene resonant sensors in the second mode regime, the detection sensitivity can be 
improved significantly [80].  
NEMS with low resonant frequency can be used for acoustic electronics, such as 
acoustic sensors [81] and loudspeakers [82]. Since the resonant frequency of 
resonators can be tuned inversely by increasing the lateral dimension or reducing the 
thickness of the vibrational structures, resonators with lower resonant frequency can 
be realised by using thin 2D membranes in a larger lateral dimension. Figure 1-10 
shows the response of a graphene resonator working in the low resonant frequency 
regime [81]. The resonator has been actuated with a piezoelectric disc driven with a 
sinusoidal signal and detected using a laser Doppler vibrometer (LDV). The 
fundamental resonant frequency has been measured to be ≈16 kHz for a 3 × 3 mm2 
CVD graphene membrane, which lies in the audio range (20Hz~20kHz).  
















































Figure 1-9. (a) Schematic and SEM image of a graphene resonator. (b) Circuit diagram of the 
current mixing characterization setup. (c) The mixed current versus driving frequency under 
different amplitudes of actuation voltages Va. Adapted from [80]. 
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Figure 1-10. Resonant response for a 3×3 mm2 CVD graphene membrane obtained with a laser 
Doppler vibrometer (LDV). Adapted from [81]. 
1.4 Goal of this research 
In one aspect, this research aims to deepen the understanding of the influence of the 
field-effect on the fundamental properties (including the crystal structure, band 
structure, and electrical transport property) of 2D semiconducting 2H-WSe2 to pave 
the way for the practical applications of 2D WSe2 in versatile field-effect devices. In 
addition, as the study on suspended WSe2 is still absent, a comparison of the electrical 
transport properties of substrate-supported and suspended WSe2 is in demand. 
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Furthermore, to realize tailoring of the performance of 2D WSe2 via thickness 
engineering and applications of 2D WSe2 in complex logic circuits and optoelectronics 
(e.g., solar cells and light-emitting diodes), a thinning and chemical doping method of 
WSe2 with good controllability, air stability, easy scalability yet to be developed. On 
the other hand, the elastic property of 2D WSe2 remains to be characterized 
experimentally to examine the suitability of 2D WSe2 in flexible device applications. 
Meanwhile, the strain engineering of electrical transport properties of 2D WSe2 is still 
unknown. Therefore, the relevant study is essential to explore the feasibility of the 
application of 2D WSe2 in strain sensors.  
1.5 Thesis arrangement 
Figure 1-11 illustrates the skeleton of this thesis. The wide blue arrows indicate the 
sequence of the chapters, while the narrow orange arrows indicate the relationships of 
each chapter with the primary research contents included in this thesis. Following on 
the introduction of the research methods adopted in this research in Chapter 2, the 
fabrication processes of back-gated 2D WSe2-based FETs that enable the experimental 
studies of the field-effect and chemical doping will be detailed in the first part of 
Chapter 3. Apart from that, the successful fabrication of a suspended 2D WSe2 FET 
will also be demonstrated. The second part of Chapter 3 will comparatively present the 
experimental results of electrical characterization of substrate-supported and 
suspended 2D WSe2-based FETs. Meanwhile, how the field-effect, metal contact 
resistance, and substrate support affect the electrical performance of the WSe2 FETs 
will be analysed.  Move on to the Chapter 4, a controllable layer thinning and air-stable 
chemical doping of WSe2 by the approach of vapour XeF2 will be elaborated. The 
mechanism of the layer thinning and chemical doping of WSe2 by vapour XeF2 will 
also be elucidated with the assistance of the Raman, photoluminescence (PL) and X-
ray photoelectron spectroscopy (XPS) analysis. In Chapter 5, the in-plane elastic 
properties of 2D WSe2 obtained from indentation experiments implemented with an 
atomic force microscope (AFM) will be presented. A comparison of the elastic 
properties of 2D WSe2 to other 2D materials will be provided. The suitability of 2D 
WSe2 for flexible device applications will also be discussed. After the experimental 
studies conducted in the previous chapters, theoretical calculations based on the 
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density functional theory (DFT) will be given in Chapter 6 to gain more insights on 
the influence of strain and field-effect on the crystal structure, band structure, density 
of states (DOS), and electrical transport property of 2D WSe2 for future practical 
applications of WSe2-based strain sensors and novel field-effect devices. In the last 
chapter (Chapter 7), the main achievements of this thesis will be summarized, and 
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Figure 1-11. The diagram of the structure of this thesis. 
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Chapter 2 The methodology 
This chapter firstly introduces the preparation method of 2D WSe2 employed in this 
research (Section 2.1). Then the working principles and characterization parameters of 
Raman/photoluminescence spectrometer, X-ray photoelectron spectrometer and 
atomic force microscope are described in Section 2.2, Section 2.3, and Section 2.4, 
respectively. The last section (Section 2.5) provides a brief introduction to the density 
functional theory (DFT) and the DFT calculation parameters used.  
2.1 Preparation and transfer of 2D WSe2 
During the experiments in this thesis, 2D semiconducting 2H-WSe2 have been 
prepared and transferred onto thermal grown SiO2 (300 nm)/Si substrates, which gives 
optimal colour contrast between 2D WSe2 and substrates [83, 84], via a 
polydimethylsiloxane (PDMS) stamp. The schematics in Figure 2-1 show how a 
PDMS stamp has been made. A glass slide has been first treated with trichlorosilane 
in a vacuum environment (Figure 2-1a) to reduce the surface energy which enables the 
subsequent release of the PDMS stamp. Then two flat spacers (200 µm thick) have 
been positioned at the two ends of the glass slide, and uncured PDMS (well mixed in 
the elastomer to curing agent ratio of 10:1 and subsequently degassed) has been 
manually poured onto the middle area of the glass slide (Figure 2-1b). Afterwards, 
another piece of glass slide has been laid on top of the bottom glass slide to squeeze 
out the extra uncured PDMS by applying pressure to the two opposite ends of the glass 
slides. After this, the sample has been clamped at the two ends and baked in an oven 
at 100 °C for 35 min to cure the PDMS (Figure 2-1c). At the last step, the two glass 
slides have been separated slowly, and the PDMS has remained on the top glass slide 
that has not been treated with trichlorosilane previously (Figure 2-1d). As the glass 
slides are rigid with low surface roughness, a PDMS stamp with flat and smooth top 
surface can be made by this approach. Figure 2-1e shows an optical image of a 
fabricated PDMS stamp.  








Step1: Deposite trichlorosilane Step2: Pour PDMS












Figure 2-1. Schematics (a-d) showing the fabrication processes of a PDMS stamp and the 
optical image (e) of the fabricated PDMS stamp. 
Then the PDMS stamp has been used for exfoliation and transfer of 2D WSe2 onto 
SiO2/Si substrates, as shown in Figure 2-2. Firstly, 2D flakes have been transferred 
onto the PDMS stamp by mechanical exfoliation of a bulk 2H-WSe2 crystal (supplied 
by 2D Semiconductors Ltd. with the purity of 99.9999%) with Scotch tapes (Figure 
2-2a, b). Afterwards, the PDMS stamp has been pressed against the top surface of an 
acceptor substrate (Figure 2-2c) and then peeled off very slowly to release the 2D 
flakes to the acceptor substrate (Figure 2-2d). Since the PDMS stamp behaves as an 
elastic solid over short timescales while it can flow slowly over long timescales [85], 
fast peeling off the Scotch tape from the PDMS stamp will transfer the 2D flakes onto 
the PDMS stamp (Figure 2-2b) while slowly peeling off the stamp from the SiO2/Si 
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substrate can release the 2D flakes to the acceptor substrate (Figure 2-2d). In addition, 
the pre-treatment of the SiO2 surface with O2 plasma has been found to increase the 
transfer yield in Step 3 (Figure 2-2c), due to the enhanced bonding between 2D 
materials and SiO2 surface [86]. After the transfer, the acceptor substrates have been 
immersed in acetone for 2 hours and subsequently rinsed with isopropyl alcohol (IPA) 
and deionized (DI) water to remove as many tape residues as possible. Figure 2-3 gives 
an example of optical and atomic force microscope (AFM) images of 2D WSe2 flakes 
transferred on a SiO2/Si substrate.  
 
Figure 2-2. Schematics of exfoliation and transfer of 2D WSe2 flakes onto a SiO2/Si substrate 
with a PDMS stamp. 









20×  50× 
20µm
WSe2
100µm  40µm  
 
Figure 2-3. Optical images of mechanically exfoliated WSe2 on a SiO2/Si substrate under 20× 
(a) and 50× (b) magnifications. (c) AFM image of the WSe2 flake highlighted in (b). 
2.2 Raman and photoluminescence spectroscopy 
 
Figure 2-4. (a) Energy-level diagram showing the states involved in Raman spectra [87]. (b) 
Schematic band diagrams for the photoluminescence (PL) processes. 
Raman spectroscopy is a spectroscopic technique used to observe vibrational, 
rotational modes in a sample, which relies on inelastic scattering or Raman scattering 
of incident radiation (typically from a monochromatic laser beam). The laser light 
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interacts with molecular vibrations, phonons or other excitations in the system, 
resulting in the upshift (anti-Stokes shift) or downshift (Stokes shift) of the energy of 
the laser photons, as depicted in Figure 2-4a. The shift in energy gives information 
about the vibrational modes in the system. Raman spectroscopy can identify the 
number of layers of 2D materials [88-90], determine the amount of doping [91-95], 
the presence of defects [96], and the thermal conductivity [97, 98].  
On the other hand, photoluminescence (PL) spectroscopy is a method of probing the 
electronic structure of materials. In a typical PL experiment, a semiconductor is excited 
with a light source that provides photons with an energy larger than the band gap 
energy. Once the photons are absorbed, electrons and holes are formed with finite 
momenta in the conduction and valence bands (dark red arrow in Figure 2-4b), 
respectively. The excitations then undergo energy and momentum relaxation towards 
the band edges (purple arrow in Figure 2-4b). Finally, the excited electrons recombine 
with holes under emission of photons (green arrow in Figure 2-4b). The signatures of 
PL of 2D materials can be modified by the carriers doping [99, 100] and crystal defects 
[99, 101, 102].  
 
Figure 2-5. Raman spectra of 1- to 5-layer WSe2 at the excitation power of 43 μW in the range 
of 100–160 cm−1 (A), 210–290 cm−1 (B), and 295–415 cm−1 (C), respectively. (D–E) Peak 
frequencies of A1g mode (D) and the Raman peak near 308 cm−1 (E) as a function of the layer 
number of WSe2. [103] 
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Figure 2-5 gives an example of Raman spectra of 1- to 5-layer WSe2. For all samples, 
two strong peaks observed in the range of 245–265 cm−1 can be assigned to E12g and 
A1g modes, respectively (Figure 2-5 b). The strongest Raman spectrum arose from the 
bilayer (2L) WSe2. Distinct from multilayer WSe2, there is no notable peak around 308 
cm−1 for monolayer (1L) WSe2 (Figure 2-5 c). As the layer number of WSe2 increased 
from 1- to 5-layer, the spectra became weaker, and a redshift of the A1g mode and 
Raman peak around 308 cm−1 was observed (Figure 2-5 d, e), reflecting the presence 
of additional interlayer interaction modes.  
Figure 2-6 shows the typical PL spectra of WSe2 with different numbers of layers. The 
monolayer WSe2 owing a direct band gap exhibits a prominent PL peak centred at 
1.64 eV. Compared to monolayer WSe2, the PL signal for bilayer and trilayer WSe2 is 
broader and weaker, which can be described by at least two Lorentzian peaks due to 
the presence of indirect band gap. As the number of layers further increases (7- to 11- 
layer), WSe2 displays two distinct PL peaks located at 1.39 and 1.59 eV, where the 
former probes the indirect band gap (Γ to K) and the latter is associated with the direct 
band gap (K to K). In addition, the overall PL signal obtained from few-layer WSe2 is 
orders of magnitude weaker in intensity compared to monolayer WSe2. 
(a) (b)
 
Figure 2-6. PL spectra (a) and PL peak positions (b) of WSe2 with various layer numbers. 
[104] 
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Figure 2-7. Schematic diagram of a Raman spectroscopy system [105]. 
During this project, the Raman and PL measurements were performed in a confocal 
Raman microscope (inVia Renishaw) under the ambient air condition with a 514 nm 
laser excitation. Figure 2-7 shows a basic composition of the Raman system. A 100× 
magnification objective (NA = 0.90) was used, which provided a laser spot size of ≈1.2 
µm in diameter. The incident laser power was kept at ≈100 µW to avoid the sample 
heating effect. The Raman spectra were obtained with a 2400 lines mm−1 grating, 
resulting in a spectral resolution of ≈1 cm−1. Each spectrum acquisition was 
accumulated for 10 times with 20 s per accumulation. Raman spectra were calibrated 
with the Raman band of Si substrate at 520 cm−1. The PL spectra were collected using 
a 1200 lines mm−1 grating with an integration time of 50 s. Lorentzian fitting was 
applied to deconvolute the PL spectra. 
2.3 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 
spectroscopic technique that can be used to analyse the surface chemistry of a material. 
As shown in Figure 2-8, an XPS system typically includes a focused X-ray source to 
irradiate the characterized sample and a hemispherical analyser to determine the 
number and kinetic energy of the excited photoelectrons. Then the electron binding 
energy of each of the emitted electrons can be determined by using the equation of  
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Ebinding = Ephoton – (Ekinetic + Φ), where Ebinding is the binding energy of the electron, 
Ephoton is the energy of the X-ray photons being used, Ekinetic is the kinetic energy of the 
photoelectron measured by the instrument and Φ is the work function dependent on 
both the spectrometer and the measured material. 
 
Figure 2-8. Schematic diagram of an X-ray photoelectron spectroscopy (XPS) system [106]. 
W 4f Se 3d
 
Figure 2-9. XPS spectra of the W 4f (a) and Se 3d (b) core levels of a CVD grown monolayer 
WSe2. [107] 
Figure 2-9 presents the XPS spectra of W 4f and Se 3d core levels obtained from a 
chemical vapour deposition (CVD) grown monolayer WSe2 in Ref. [107]. The doublet 
peaks at 32.8 and 35.0 eV (Figure 2-9a) are attributed to the W4f7/2 and W4f5/2 core 
levels of WSe2, while the peaks at 55 and 55.9 eV (Figure 2-9b) correspond to the Se 
3d5/2 and Se 3d3/2 doublet. It is noted that a weaker doublet at 35.8 and 38.0 eV 
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associated with W4f7/2 and W4f5/2 core levels of WO3 can also be observed in Figure 
2-9a, which originates from the occasionally deposited WO3 particles on the surface 
of WSe2 during the CVD process.  
In this research, XPS spectra of WSe2 were obtained from a Theta Probe XPS system 
(Thermo Scientific) using a monochromated Al Kα X-ray source (hν = 1486.7 eV) 
with a spot size of 20 µm in radius in an ultrahigh vacuum chamber with a base 
pressure of ≈10−11 Torr. The hemispherical analyzer was operated at the Constant 
Analyzer Energy (CAE) mode with a 30 eV pass energy and 0.1 eV step size. The 
incident X-ray and the analyzer were positioned at angles of 30° and 50° with respect 
to the sample surface normal, respectively. The sampling depth of the XPS 
measurements is estimated to be 7~8 nm by the relation of 3λ, where the λ is the 
inelastic mean free path of an electron in WSe2 which can be found from NIST 
Standard Reference Database 71 [108]. The Si 2p peak at 103.2 eV from the SiO2 of 
the substrates and adventitious carbon C 1s peak at 284.8 eV were used for binding 
energy calibration of multilayer and bulk WSe2, respectively. The high-resolution XPS 
core level spectra were analyzed by deconvolution with the least-squares fitting of the 
spectra with Gaussian-Lorentzian functions after the Shirley background subtraction. 
During the curve fitting, some constraints were applied: The spin-orbit splitting for the 
W 4f7/2 and W 4f5/2 components was fixed at 2.17 eV with an area ratio of 4:3 and same 
full width at half maximum (FWHM), while the 3d5/2–3d3/2 components separation for 
Se was set into 0.86 eV with an area ratio of 3:2.  
2.4 Atomic force microscopy 
Atomic force microscope (AFM) installed with a cantilever with a very sharp tip (AFM 
probe) has been employed to scan the surface topography of 2D WSe2 and measure 
the near-field force between the probe and 2D WSe2. Figure 2-10 illustrates the 
working mechanism of a typical AFM system. The AFM uses a laser beam deflection 
system where a laser is reflected from the back of the reflective AFM probe onto a 
position-sensitive photodetector (photodiode). As a piezo tube scanner system controls 
the scanning of the tip on the sample surface in the horizontal (x, y) and vertical (z) 
directions with the resolution on the order of fractions of a nanometer, the deflection 
of the AFM probe induced by the interaction between the tip and sample can be tracked 
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by the displacement of the reflected laser on the photodetector. During the surface 
topography imaging, AFM uses a feedback loop to attempt to keep the cantilever 
deflection constant by adjusting the vertical movement of the piezo scanner with 
varying voltage, so that local height of the sample can be obtained. Also, AFM can be 
used for measurement of forces with piconewton resolution. In the force measurement 
mode, the AFM probe indents towards a fixed point of the sample by moving the piezo 
scanner vertically up. During the indentation, the AFM probe deflection versus piezo 
scanner displacement curve is recorded. Within the operation range, the cantilever of 
the AFM probe behaves as a linear spring. Therefore, the force applied to the sample 
by the AFM probe can be determined by the deflection and spring constant of the AFM 
probe. 
 
Figure 2-10. Schematic illustration of the working principle of an AFM system. [109] 
In this work, AFM measurements were carried out using a Bruker MultiMode AFM 
and a NuNano Scout 350 LowRes Si-based AFM probe under the ambient condition. 
The tip radius rtip of the employed AFM probe was measured to be ≈81 nm, as shown 
in Figure 2-11. AFM operated in contact mode with a setpoint force of ≈25 nN has 
been used to obtain the topography and thickness of 2D WSe2. The reason why contact 
mode instead of tapping mode has been chosen is to provide accurate results for the 
thickness measurement [110].  
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Figure 2-12. Optical images of the reference cantilever and the AFM probe to be calibrated 
before (a) and during (b) engagement.  
The spring constant of the NuNano Scout 350 LowRes AFM probe used has been 
calibrated via a reference cantilever with a known spring constant (Bruker: CLFC–
NOBO) using the method of Ref. [111] described briefly as below: 1) mount the 
CLFC–NOBO reference cantilever onto the AFM piezo scanner and measure the 
length L of the reference cantilever, as shown in Figure 2-12a; 2) align the probe to be 
calibrated (NuNano Scout 350 LowRes) close to the end of the CLFC–NOBO 
cantilever with certain overlap and measure the offset of the AFM probe tip from the 
end of the reference cantilever ΔL (Figure 2-12b); 3) engage the AFM probe to the 
reference cantilever in contact mode and record the AFM probe deflection d and the 
vertical displacement of the piezo scanner ΔZ. Then the spring constant k of the 
unknown AFM probe can be derived with the following expression: 








= −  
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, 
where kref is the spring constant of the reference cantilever.  
2.5 Density functional theory 
Density functional theory (DFT) is a computational quantum mechanical modelling 
method to investigate the ground state structural, magnetic and electronic properties 
of many-body systems, in particular atoms, molecules, and the condensed phases 
[112].  
For an N-body system, it is practically impossible to solve the Schrödinger equation 
in which the many-body electronic wavefunction   is a function of 3N variables (the 
coordinates of all N-atom in the system) due to the substantial computational effort. 
Therefore, some approximations need to be applied to tackle the problem. In the 
approximation given by the DFT supported by the Hohenberg-Kohn theorem [113], 
the electron density ( )n r  as a function of three variables (x, y, z Cartesian directions) 
is treated as the central variable rather than the many-body wavefunction. Thus, the 
Hamiltonian and all ground state properties are determined solely by the electron 
density. Here the Kohn-Sham [114] formulation of DFT, one of the most successful 
and state-of-the-art methods in electronic structure theory, is considered. The 
formulation maps fully interacting system of N-electron onto a fictitious auxiliary 
system of N non-interacting electrons moving within an effective Kohn-Sham 
potential  ( )KS n r , transforming the N-body problem into N sets of single-body 
problems. Furthermore,      ( ) ( ) ( ) ( )KS ext H xcn r r n r n r   = + + , where ( )ext r  is 
the external potential due to positively charged nuclei,  ( )H n r is the Hartree 
potential, and  ( )xc n r  is the exchange-correlation potential. Thus, electron density 
( )n r  can be obtained by solving the Kohn-Sham equations of the auxiliary 
noninteracting system iteratively as below:  
 2
1
( ) ( ) ( )
2
KS i i in r r r   
 








n r r=  .  
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Once the electron density ( )n r  is calculated, the corresponding energies, potentials, 
electronic properties, and etc. can be further derived.  
In this project, the DFT calculations implemented with the Quantum Espresso 
simulation package [115, 116] have been performed on a high-performance computer 
cluster (Eddie Mark 3). Ultrasoft pseudopotentials with nonlinear core-correction 
[117, 118] have been used to describe the electron-ion interaction ( )ext r , and the 
electron exchange-correlation  ( )xc n r  has been accounted using the generalized 
gradient approximation (GGA) with the Perdew-Burke-Ernzerh (PBE) functional 
[119]. The van der Waals interaction between the atomic layers of WSe2 has been 
taken into consideration by the DFT + D3 (Grimme) approach [120]. The unit cells 
have been employed with periodic boundary conditions in all directions, and a 20 Å 
vacuum spacing has been introduced in the c-axis direction of each 2H-WSe2 slab to 
avoid the artificial coupling between adjacent imaged slabs. The cutoff energy is set 
to 55 Ry for wave function and 440 Ry for charge density and potential. In the self-
consistent field calculation, the Brillouin zone has been sampled with Monkhorst-Pack 
grids [121] of 8 × 8 × 2 and 8 × 8 × 1 k-point for bulk and few-layer WSe2, respectively. 
While non-self-consistent calculations have been performed with well converged 
denser k-point grids of 30 × 30 × 7 and 60 × 60 × 1 for bulk and few-layer WSe2, 
respectively. Note that several convergences tests have been conducted (not shown 
here) to ensure the accuracies of the computations with the chosen cutoff energy and 
k-point grid. In addition, the calculated crystal structure bulk WSe2 and band gap of 
monolayer WSe2 are in agreement with the reported experimental values [10, 122, 
123], confirming the validity of the calculation methods and parameters applied, 
whose details can be found in Section 6.2.2 and Section 6.2.3.  
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Chapter 3 Fabrication and electrical 
characterization of WSe2 FETs 
3.1 Introduction 
So far, several methods have been developed to prepare 2D TMDs, which can be 
classified into top-down and bottom-up approaches generally. The top-down method 
mainly consists of mechanical and liquid-based exfoliation from bulk crystals [124, 
125], while the bottom-up approach is implemented by chemical vapour deposition 
(CVD) [126] in principle. Although the bottom-up approach is advantageous for large-
scale preparation of 2D materials [107, 127-129], the mechanical exfoliation method 
can produce 2D flakes with better crystal quality and purity [11, 124]. Therefore, from 
the perspectives of fundamental research and financial cost, the mechanical exfoliation 
method still prevails. However, other characteristics associated with the exfoliated 2D 
material sheets are the small size (typically in the micron range), random distribution 
of the sheets on substrates, as well as irregular shape of the sheets. Such features of 
exfoliated 2D sheets pose challenges to device fabrication, mainly in two aspects: 
patterning of the 2D materials and alignment of metal contacts to the patterned 2D 
sheets. 
Thus far, most researchers try to avoid patterning the exfoliated 2D materials but 
fabricate electronic devices on as-exfoliated pristine 2D materials instead, which 
makes the dimension of the devices hard to control and limits the practical application 
of such kind of devices. In addition, currently, electron beam lithography (EBL) is the 
dominant patterning technique in the nanofabrication field. However, the EBL 
technique owns some drawbacks. For instance, EBL is a serial process that can take a 
long time to expose the photoresist (PR). Moreover, the electron beam irradiation can 
induce defects (e.g., vacancies, as shown in Figure 3-1) in the 2D sheets [130-132], 
which may degrade the electrical properties, including conductivity and mobility, of 
the 2D materials, as depicted in Figure 3-2 [133, 134].  
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Figure 3-1. Atomic resolution high-angle annular dark field (HAADF) images of pristine 
monolayer MoS2 before (a) and after (b) consecutive scans with primary beam energy of 60 
keV, showing vacancy formation. [131] 
 
Figure 3-2. Measured graphene conductivity as a function of back gate voltage after various 
doses of electron-beam irradiation when the source-drain current IDS is 100 nA. After electron 
exposure, the conductivity and field-effect mobility of graphene get degraded. [133] 
In addition, some studies have found out that when some of the 2D materials are 
suspended, the electrical performance of the characterized 2D materials can be 
improved [135-137]. Upon suspension from the substrate, the mobility of graphene 
can be increased by a factor of 10 (from ≈25,000 to ≈230,000 cm2 V−1 s−1) [135]. For 
monolayer MoS2, the suspended structure has been reported to show increasing 
mobility from 0.1 to 0.9 cm2 V−1 s−1 and an order of magnitude increase in the on/off 
ratio, as shown in Figure 3-3. However, thus far, the investigation of the electrical 
transport properties of suspended WSe2 is still absent. Therefore, it is necessary to 
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conduct a comparison of the substrate-supported and suspended WSe2 in the aspect of 
electrical properties.  
 
Figure 3-3. Electrical transport measurements of a monolayer MoS2 FET before and after 
suspension. Ids–Vgs curves in linear scale (a) and log scale (b). [136] 
In this chapter, fabrication of field-effect electronic devices from exfoliated 2D WSe2 
using optical lithography has been developed. The advantage of employing optical 
lithography lies in the low cost of the process, fast speed of exposure, and ease of 
patterning. The detailed fabrication process of a substrate-supported 2D WSe2 FET 
with optical lithography will be elaborated in Section 3.2.1. Then a suspended 2D 
WSe2 FET has been successfully fabricated using the vapour HF etching method, as 
described in Section 3.2.2. Afterwards, two- and four-terminal electrical 
characterizations have been conducted on the fabricated substrate-supported and 
suspended WSe2 FETs to investigate the influence of field-effect, WSe2/metal contact 
resistance, and substrate support on the electrical performance of the FETs, as 
presented in Section 3.4.  
3.2 Fabrication of 2D WSe2 FET with optical 
lithography 
3.2.1 Fabrication of substrate-supported WSe2 FET 
The following section demonstrates the optical lithography technique being applied to 
the fabrication of field-effect electronic devices with patterned 2D WSe2 sheets as the 
conductive channels. Figure 3-4 shows the photomask design for the fabrication of 
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WSe2-based FETs. The photomask in Figure 3-4a has been used to mark different areas 
of the substrates with a spacing of 320 × 320 μm so that the desired exfoliated 2D 
sheets can be traced via the label arrays. The irregular 2D WSe2 flakes can be patterned 
into a desired shape with the photomask in Figure 3-4b. A pair of cross alignment 
marks in Figure 3-4b has been used to align the pattern in Figure 3-4c to Figure 3-4b. 
Figure 3-4d shows how the different layers of photomasks (Figure 3-4b and Figure 
























Figure 3-4. (a) Label arrays for marking different areas of the substrates. (b) Photomask design 
for patterning of the channels of WSe2 FETs. (c) Photomask design for metal contacts 
deposition of WSe2 FETs. (d) The photomasks in (b) and (c) aligned together for WSe2 FETs 
fabrication. 
The detailed fabrication processes of a WSe2 back-gated FET (highly-doped Si 
substrate and SiO2 serve as the back-gate electrode and gate dielectric, respectively) 
are described as below. Firstly, label arrays (Figure 3-4a) have been defined on a 3-
inch SiO2/Si wafer by 20 nm deep etching into the SiO2 layer with the reactive ion 
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etching (RIE) technique. Then the wafer has been diced into 1 × 1 cm2 squares. After 
cleaning of the diced substrates with acetone and O2 plasma, 2D WSe2 sheets have 
been exfoliated mechanically from bulk WSe2 with Scotch tapes and transferred onto 
the diced substrates with a PDMS stamp as presented in Section 2.1. Once the 2D 
WSe2 sheets have been identified by optical microscope according to their colour 
contrast [84, 138, 139], the locations of the 2D sheets on the substrates have been 
recorded by the pre-patterned labels they are close to. 
Afterwards, the 2D WSe2 channel of the FET has been patterned and defined, as 
follows (Figure 3-5). After a layer of positive photoresist (SPR 350) has been spin 
coated on the substrate, the photomask in Figure 3-4b has been aligned to the desired 
2D WSe2 flake with the help of Karl Suss MA/BA8 Mask Aligner. After the 
photoresist exposure and developing, the etch mask with 2 µm in width and 40 µm in 
length for the channel patterning has been formed (Figure 3-5a). Then, vapour XeF2 at 
the pressure of 2 Torr has been used to remove the unmasked areas of the WSe2 sheets 
(Figure 3-5b). Afterwards, alignments marks (a pair of crosses) have been defined in 
SiO2 with the CHF3/Ar plasma etching of ≈25 nm SiO2 (Figure 3-5c). After this, the 
sample has been treated with O2 plasma for 10 min to remove the fluorocarbon crust 
covering the photoresist caused by the fluorine-based plasma etching in the previous 
step. Then, the photoresist has been thoroughly stripped by acetone, after which the 
patterned channel of the WSe2 FET has been formed, and alignment marks have been 
transferred into SiO2, as shown in Figure 3-5d.  
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Figure 3-5. Cross-section (left column), 3D (middle column) schematics, and optical images 
(right column) of the processes of patterning a WSe2 flake (a, b) and defining alignments marks 
on a SiO2/Si substrate (c, d). 
For the subsequent drain (D) and source (S) contacts fabrication, the regions of metal 
contacts (Figure 3-4c) have been defined in the negative photoresist AZ 2035 using 
photolithography (Figure 3-6a) with the help of alignment marks in SiO2 formed in the 
previous processes. Afterwards, Ti (30 nm)/Al (200 nm) metal stack has been 
deposited through an e-beam evaporation system (Figure 3-6b) and lifted-off in 
acetone solvent (Figure 3-6c). After the metal deposition, the device has been wire 
bonded to a chip carrier for further electrical characterization (Figure 3-6d). 
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Figure 3-6. Cross-section (left column), 3D (middle column) schematics, and optical images 
(right column) of the processes of metal contacts deposition (a-c) and subsequent wire bonding 
(d). 
3.2.2 Fabrication of suspended WSe2 FET 
In order to make a suspended channel transistor, the SiO2 supporting the WSe2 channel 
needs to be removed. Here, dry vapour HF etching has been employed to remove the 
underneath SiO2 by the chemical reaction of 
2H O
2 4 2SiO  + 4HF(g) SiF (g) + 2H O⎯⎯⎯→ .  
The main reasons why vapour HF etching is selected here are as below: 1) isotropic 
etching so that lateral undercut can be made beneath the WSe2 channel; 2) stiction free 
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etching which is helpful to prevent the fragile WSe2 channel from collapsing during 
its releasing process; 3) compatibility with most of metals, especially the Ti/Al metal 
stack used in this experiment. The schematics in Figure 3-7 give a brief description of 
the vapour HF etching process of SiO2 for a WSe2 FET. At the initial stage (Figure 
3-7b), the HF mainly etches the exposed SiO2 (the area without any masking by the 
2D WSe2 channel or metal contacts). When the exposed SiO2 is almost cleared (Figure 
3-7c), vapour HF starts to undercut the SiO2 masked by the WSe2 channel and metal 
contacts in a higher etching rate. During this process, a careful control of etching time 
needs to be taken so that the removal of SiO2 beneath the channel can be completed 
and meanwhile, sufficient SiO2 is left beneath the Ti/Al metal layer to support the 
metal contacts (otherwise the metal layer will fall onto contact with the Si substrate 























Figure 3-7. Schematic description (not to scale) of vapour HF etching processes of SiO2: (b) 
vapour HF mainly etches the exposed SiO2; (c) vapour HF undercuts the masked SiO2. 
Figure 3-8 shows the optical images of a WSe2 FET device before and after vapour 
HF treatment for different times. After 5 min vapour HF etching, the exposed 
(unmasked) SiO2 has been thinned to 55 nm from 300 nm, as shown in Figure 3-8b. 
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When the etching time reaches 6 min (Figure 3-8c), SiO2 near the edge of the WSe2 
channel and Ti/Al metal contacts has been removed entirely making the bottom Si 
substrate exposed. Meanwhile, the WSe2 channel becomes optically invisible 
originating from the complete removal of SiO2 beneath the channel. Note that ultrathin 
SiO2 (≈7 nm) still remains in the areas relatively far from the WSe2 channel and metal 
layer. This is because during the etching process the water is a product of the reaction 
between HF and SiO2, which also acts as a catalyst for the reaction. The water 
produced from the vapour HF etching tends to accumulate near the edge of solid 
structures, which in return leads to a faster speed of SiO2 etching around the WSe2 
channel and metal layer.  
(b) (c)
WSe2 WSe2
5 min 6 min















Figure 3-8. Optical images of a WSe2-based FET before (a) and after vapour HF treatment for 
5 min (b) and 6 min (c). 
3.3 Configuration of electrical measurements 
Electrical measurements on the fabricated WSe2 FETs were carried out using a 
Keithley 4200-SCS semiconductor parameter analyzer at room temperature within a 
shielded probe station in ambient air. During the tests, two- and four-terminal 
measurements have been employed for different purposes. Figure 3-9 shows the 
schematics of two- and four-terminal electrical measurements. For two-terminal 
measurement, a voltage VDS is applied to the inner drain (D) and source (S) electrodes 
of the transistor then the current IDS flowing across the same electrodes is measured 
(Figure 3-9a). To measure the intrinsic resistance of the channel, a voltage is applied 
through an outer pair of electrodes while the current IDS flowing across the outer 
electrodes and voltage drop V*DS across the inner drain (D) and source (S) electrodes 
are measured (Figure 3-9b). Thus, the intrinsic channel resistance can be extracted by 




DS/IDS, and the total drain-source resistance including channel resistance 
and contact resistance is Rtotal = VDS/IDS. When the gate voltage VGS applied for two- 
and four-terminal measurements is same, the contact resistance can be determined by 
Rcontact = Rtotal − Rchannel.  
 
Figure 3-9. Schematics (not to scale) of electrical measurements of two-terminal (a) and four-
terminal (b) resistance of a FET. 
3.4 Electrical characterization of 2D WSe2 FETs 
3.4.1 Comparison of two- and four-terminal measurements 
As the Fermi level of Ti with a low work function of ≈4.3 eV lies between the 
conduction band minimum (CBM, −4.2 eV) and valence band maximum (VBM, 
−5.1 eV) of WSe2 but closer to the CBM [140-143], an n-type Schottky barrier should 
form at the interface between Ti and semiconducting WSe2. The n-type Schottky 
barrier height ΦSB can be defined as the difference between the interfacial conduction 
band edge EC and Fermi level EF, as annotated in Figure 3-10c, d. Therefore, a WSe2-
based transistor can be modelled as two back-to-back n-type Schottky diodes 
connected with a WSe2 resistor in series, as shown in Figure 3-10a. When a positive 
drain bias VDS is applied, the diode near the drain side is forward-biased (many 
thermally excited electrons in the semiconductor that are able to pass over the barrier), 
while the other one close to the source side is reverse-biased (few excited electrons in 
the metal have enough energy to surmount the barrier). Compared to the forward-
biased diode, the reverse-biased diode possesses a higher contact resistance Rcontact 
   
 41 
relatively and thus plays a more significant role in the electrical transport performance 






































































Figure 3-10. (a) Schematic of the equivalent circuit of a WSe2-based FET. (b) The resistance 
of the whole FET (black), WSe2 channel (red), and Ti/WSe2 metal contact (green) as a function 
of gate voltage VGS. The band diagram of the Ti/WSe2 metal contact at low (c) and high (d) 
gate voltage VGS. 
The plots in Figure 3-10b shows the dependence of the resistance of the WSe2-based 
FET (Figure 3-6) on the gate voltage VGS with a positive fixed drain bias VDS = 1.0 V. 
The black curve represents the resistance of the whole device Rtotal obtained from the 
two-terminal measurement, while the red curve corresponds to the WSe2 channel 
resistance Rchannel measured with the four-terminal configuration. Then the contact 
resistance Rcontact (green plot) can be derived as mentioned in Section 3.3. As can be 
seen, when the gate voltage VGS is small (stage I annotated in Figure 3-10b), the contact 
resistance Rcontact is much larger than the channel resistance Rchannel, indicating that the 
overall device performance is dominated by the contact resistance Rcontact. In this stage, 
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the electrons are injected from the source electrode mainly by the mechanism of 
thermionic emission, as illustrated in Figure 3-10c. As the gate voltage VGS increases, 
the Schottky barrier becomes thinner resulting in significant increase in the tunnelling 
current (Figure 3-10d), which makes contact resistance Rcontact reduce even in a faster 
speed than the channel resistance Rchannel. Eventually, in stage III, the contact resistance 
Rcontact becomes smaller than the channel resistance Rchannel, and the device 
performance starts to be dominated by the channel resistance Rchannel. From the above 
measurement results, it can be concluded that the Schottky contact resistance Rcontact 
might degrade the overall electrical performance of a device, especially when the gate 
voltage VGS is in a low value for an n-type Schottky contact. In order to extract the 
intrinsic electrical property of WSe2, the four-point measurement should be employed 
where possible.  
3.4.2 Comparison of substrate-supported and suspended 
WSe2 FETs 
As the electrical performance of 2D materials has been reported to be affected by the 
2D crystal/substrate interface (such as the Coulomb scattering by chemical residues or 
trapped charges) [144-151], it is essential to explore effect of the WSe2/SiO2 related 
interface on the performance of the fabricated WSe2 FETs. In this section, the electrical 
transport properties of an 11-layer WSe2 FET before and after removal of the beneath 
SiO2 by vapour HF (Figure 3-8) have been characterized with the four-terminal 
configuration comparatively.  
The top two graphs in Figure 3-11 show the transfer characteristics of the WSe2 FET 
under various drain bias VDS measured before (Figure 3-11a) and after (Figure 3-11b) 
suspension of the WSe2 channel. Both devices exhibit n-type semiconducting 
behaviours, which could be contributed from the Se vacancy defects in WSe2 [101, 
152]. Interestingly, the threshold shifts downwards in voltage after the WSe2 channel 
is suspended, which is similar to the reported results of suspended MoS2 FET [136]. It 
is supposed that the dangling bond on SiO2 surface induces an extra doping effect on 
WSe2, and hence removal of the SiO2 results in the observed threshold shift. When the 
gate voltage VGS ranges from −80V~80V, for the substrate-supported WSe2 FET, the 
on/off ratio is extracted to be approximately 104, while after the WSe2 channel is 
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released, the on/off ratio is improved to ≈2 × 104. Figure 3-11c, d compare the output 
characteristics of the substrate-supported and suspended WSe2 FET under different 
gate voltage VGS. The IDS–VDS curves from both devices are symmetric and display 
linear behaviours at low drain voltages VDS regardless of the value of VGS, due to the 












































































































Figure 3-11. Transfer characteristics of an 11-layer WSe2 FET under several drain voltage VDS 
before (a) and after (b) the suspension of the WSe2 channel. Output characteristics of the 
substrate-supported (c) and suspended (d) WSe2 FETs under different gate voltage VGS. 
By using the equation σs = IDS/VDS × L/W, where L = 5 µm and W = 2 µm are the length 
and width of the conductive channel, respectively, the sheet conductivity σs of WSe2 
can be extracted. The mobility µ can be further derived using the equation µ = 
(dσs/dVGS) × (1/Cox), where Cox = 11.5 × 10
−9 F cm−2 is the capacitance between the 
WSe2 channel and back gate per unit area (ε0εox/dox; εox = 3.9; dox = 300 nm). For the 
substrate-supported back-gated WSe2 FET, when VDS = 1V and VGS = −80V~80V, the 
   
 44 
maximum sheet conductivity σs and field mobility μ have been measured to be 1.6 µS 
and 2.7 cm2 V−1 s−1, as shown in Figure 3-12a and Figure 3-12b, respectively, which 
is comparable to one of the previous reports using the same device structure [140]. 
Note that according to previous reports [100, 153-156], the mobility of WSe2 FET can 
be further improved by one order of magnitude by using a thinner gate dielectric with 
higher dielectric constant (e.g., atomic layer deposited Al2O3, ZrO2, and 2D-hBN), 
deposition of a passivation layer (e.g., Si3N4), and operating in vacuum or low 
temperature environment. However, the relative comparison of substrate-supported 
and suspended WSe2 is the focus here, which can be obtained efficiently using the 
simplified device structure. After the WSe2 channel is released from the substrate, 
increases in both the sheet conductivity σs (from 1.6 to 7.4 µS) and field mobility μ 
(from 2.7 to 25.5 cm2 V−1 s−1 in peak value) have been observed.  




























































Figure 3-12. The extracted sheet conductivity σs (a) and field mobility µ (b) as a function of 
the gate voltage VGS for the substrate-supported and suspended WSe2 FETs, respectively. 
Figure 3-13a, b show the transfer characteristics of the substrate-supported and 
suspended WSe2 FETs with double-direction gate voltage sweeping under various 
sweep rates. When the gate voltage VGS sweeps in forward (−80 V to 80 V) and reverse 
(80 V to −80 V) directions under the same sweep rates, threshold voltage shifts 
forming hysteresis loops can be observed for both the substrate-supported and 
suspended WSe2 FETs. Moreover, the width of the hysteresis loop decreases as the 
sweep rate increases. In addition, the hysteresis loops of the substrate-supported WSe2 
FET have been observed to be broader than those of the suspended WSe2 FET under 
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application of a same sweep rate. The graphs of Figure 3-13c, d compare the evolutions 
of the drain-source current IDS with respect to the measurement time t under a fixed 
VDS and VGS for the substrate-supported and suspended WSe2 FETs. Current decaying 
as the measurement time t increases can be observed in both graphs. In order to 
evaluate the speed of the current decay quantitively, the data have been fitted with the 
biexponential equation 1 2/ /0
t tI I Ae Be − −= + + , where τ1 and τ2 represent two 
exponential time constants (mean lifetime for the current decay). The extracted time 
constants of the substrate-supported WSe2 FET are τ1 = 7.6 s and τ2 = 55.6 s (Figure 
3-13c), which is three times smaller than that of MoS2 FET [157]. While after the WSe2 
is suspended, an increase in the time constants (τ1 = 28.7 s and τ2 = 277.6 s) has been 
observed (Figure 3-13d), indicating a slower current decay for the suspended WSe2 
FET.  













































































































Figure 3-13. The transfer characteristics of the substrate-supported (a) and suspended (b) WSe2 
FETs with double-direction gate voltage sweeping at different sweep rates. Drain-source 
current IDS versus the measurement time t (black) at a fixed VDS and VGS with the fitted 
biexponential curves (red) for the substrate-supported (c) and suspended (d) WSe2 FETs. 
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Table 3-1. Comparison of the electrical transport properties of the substrate-supported and 
suspended 11-layer WSe2 FETs. 
Property Supported WSe2 (A) Suspended WSe2 (B) Ratio (B/A) 
On/off ratio ≈104 ≈2 × 104 2.0 
Conductivity (μS) 2.4 7.2 3.0 
Mobility (cm2 V−1 s−1) 2.7 25.5 9.4 
Mean lifetime (s) 
τ1 = 7.6 τ2 = 28.7 3.8 
τ1 = 55.6 τ2 = 277.6 5.0 
 
Table 3-1 summarizes the measured electrical transport properties of the substrate-
supported and suspended WSe2 FETs. Overall, after removal of SiO2 beneath the WSe2 
channel, the overall electrical performance of the WSe2 FET has been improved. Note 
that, as the sheet conductivity σs of the gate dielectric, SiO2 for substrate-supported 
FET (10−28~10−24 µS) and air for suspended FET (10−16~10−10 µS), is far smaller than 
that of the characterized WSe2 channel presented in Figure 3-12a, the contribution of 
gate leakage to the electrical performance variation can be negligible. Therefore, it is 
the WSe2/SiO2 interface that affects the electrical performance of the 2D WSe2 FETs 
negatively. The potential interface effect can be attributed to several factors below: 1) 
fabrication residues (e.g., tape residues from the mechanical exfoliation of 2D WSe2) 
left over between the WSe2 and substrate might behave as residual scatters [135, 158]; 
2) negatively charged silanol groups (Si–OH) on O2 plasma cleaned SiO2 can act as 
Coulomb scattering centres degrading the mobility [159]; 3) dangling bonds and water 
adsorbates on the SiO2 surface supply extra charge trapping states [147, 157, 160, 161], 
in which case, increasing number of free carriers can get trapped with longer time 
application of the drain bias VDS, which gives rise to unscreened Coulomb scattering 
and results in the observed current decay phenomenon [147]. In addition, the 
occurrences of electron trapping and de-trapping under forward (−80 V to 80 V) and 
reverse (80 V to −80 V) gate voltage sweeps, respectively, contribute to the observed 
hysteresis effect [147, 157, 161]. However, to gain a deeper insight into the mechanism 
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of such interface effects, more systematic studies need to be carried out in the future, 
such as measuring the electrical performance of the suspended WSe2 FET in different 
temperature and pressure. Nevertheless, the measurement result here implies the 
feasibility of improving the performance of WSe2 FET by optimizing the quality of the 
WSe2/dielectric interface, such as preparing a dielectric layer with smoother and 
cleaner surface and developing a residue-free transfer method of 2D WSe2.  
3.5 Conclusions 
In this chapter, the fabrication of substrate-supported and suspended pre-patterned 
WSe2 FETs with the optical lithography and vapour HF etching technology has been 
developed. Subsequently, two- and four-terminal electrical characterizations have 
been conducted on the fabricated WSe2 FETs. In the electrical measurements, 2D 
WSe2 FETs exhibit an n-type transport characteristic. In addition, the Schottky barrier 
formed at the interface of Ti/WSe2 and the WSe2/SiO2 interface can affect the electrical 
performance of 2D WSe2 FETs negatively, which indicates that the improvement of 
the electrical performance of WSe2 FET can be achieved by optimizing the quality of 
WSe2/metal contact and WSe2/dielectric interfaces. Note that, the fabrication and 
electrical characterization of the suspended WSe2 FET are first time reported thus far. 
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Chapter 4 Layer thinning and p-type doping of 









Figure 4-1. (a) Experimentally extracted field-effect mobility of WSe2 FETs with various 
thicknesses. [162] (b) Photoluminescence spectra of few-layer and bulk WS2. [163] (c) 
Thickness-dependent thermal conductivity of 2D Bi2Te3. [164] (d) Elastic constant versus 
t3R−2 measured for MoS2 with thickness ranging from 25- down to 5-layer. [162] 
Due to the strong surface effects and weak interlayer interaction, the properties of 
TMDs can vary dramatically with different numbers of layers. Some reports have 
shown that TMDs exhibit thickness dependent electrical [141, 162, 165-167], optical 
[31, 89, 163, 168, 169], thermal [164, 170], mechanical [6, 171], and piezoelectrical 
properties [30, 75], as exampled in Figure 4-1. Therefore, the ability to produce 
different numbers of TMD layers controllably is highly desirable for tuning the 
performance of TMDs for various applications. However, none of current preparation 
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methods of 2D TMDs can achieve good control over the number of layers, which limits 
the application of 2D TMDs. Moreover, a simple, efficient, and selective patterning 
approach (complete removal) of TMDs for defining complex structures is desirable for 
TMD-based very-large-scale integration (VLSI) fabrication.  
To date, several methods of TMD thinning (removal of a specified number of layers) 
and patterning have been reported to tune the number of TMD layers produced. High 
energy beams, including laser beam and focused ion beam (FIB), have been 
demonstrated for thinning/patterning of MoS2 [172, 173]. However, the low efficiency 
and limited lateral resolution of this approach bring a considerable challenge for large-
scale processing. Although thermal annealing assisted thinning can be scaled-up [94, 
174, 175], the extremely slow thinning rate and the requirement of high temperature 
(≥300 °C) to initiate the thinning make the approach incompatible with standard 
semiconductor fabrication process. Meanwhile, several kinds of plasma (e.g., Ar, O2, 
CHF3, CF4, and SF6) [176-178] have been reported to be advantageous at efficient 
thinning/patterning and good compatibility with conventional complementary metal-
oxide-semiconductor (CMOS) technologies. However, the physical crystal damage 
caused by the ion bombardment inevitably could enhance the possibility of carriers’ 
surface roughness scattering and hence degrade the electrical performance of the 
thinned TMDs. Furthermore, plasma etching with currently reported recipes also 
suffers from low selectivity to some of the commonly used dielectrics and metals (e.g., 
SiO2, Al2O3, HfO2, and Al) in TMD-based devices. As a result, a thinning method that 
can overcome the disadvantages of the approaches mentioned above is highly in 
demand.  
Moreover, in order to integrate the TMDs with CMOS logic circuits in future VLSI, 
both n- and p-type TMD-based FETs need to be fabricated. Therefore, the control of 
the carrier type and concentration achieved through doping is essential for applications 
of TMDs in CMOS technologies. Also, the type and height of the Schottky barrier 
formed at the contact/TMDs interface, which determines the contact resistivity, can be 
tuned by doping TMDs [155, 179]. Although a lot of research has been conducted on 
the doping of MoS2 [180-183], the study of methods for doping WSe2 is still quite 
limited [155, 184, 185]. So far, several WSe2 doping methods using surface adsorption 
(e.g., NO2, K vapour, and Co6Se8(PEt3)6 doping) [155, 185, 186] have been reported. 
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Nevertheless, as shown in Figure 4-2, these doping methods suffer from poor air 
stability. Hence a doping method for WSe2 with good air stability, scalability, and 







Figure 4-2. Time-dependent IDS–VGS transfer characteristics of the NO2 (a) [155] and 
Co6Se8(PEt3)6 [186] (b) doped WSe2 FET under exposure of ambient air.  
In this chapter, a controllable layer thinning and p-doping of WSe2 with vapour XeF2 
is demonstrated. The thickness and the surface roughness variations of WSe2 as a 
function of vapour XeF2 exposure time and exposure pressure have been characterized 
using atomic force microscope (AFM) in Section 4.2. The effects of vapour XeF2 
thinning on the surface modification, luminescence properties, and Fermi levels of 
WSe2 have been investigated with a combination of Raman, photoluminescence (PL), 
and X-ray photoelectron spectroscopy (XPS) in Section 4.3 and 4.4. Additionally, the 
evolution of electrical properties of WSe2 induced by vapour XeF2 treatment, including 
threshold voltage, mobility, and doping concentration, have been studied 
systematically through the electrical characterization of WSe2-based FETs in Section 
4.6. Afterwards, the chapter ends with the air stability study of the vapour XeF2 doping 
in Section 4.7.  
4.2 Optical microscope and AFM analysis of XeF2 
treated WSe2 
Firstly, 2D WSe2 have been exfoliated mechanically from bulk WSe2 crystals and 
transferred onto thermally grown SiO2 (300 nm) on highly p-doped Si substrates. After 
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cleaning the tap residues, the samples have been treated with XeF2 (25 sccm)/N2 (100 
sccm) gas in a XeF2 etcher (memsstar’s ORBIS ALPHA system) at the temperature of 
20 °C, as shown in Figure 4-3a. When vapour XeF2 gets in contact with WSe2, the 
XeF2 dissociates into Xe inert gas and F radicals. The F radicals can break the W–Se 
chemical bonds and react with W and S atoms producing volatile fluorinated W and 
Se (WFx and SeFx), as illustrated in Figure 4-3b. The detailed reaction mechanism will 
be discussed further in Section 4.4. In Figure 4-4a, b, optical images of a WSe2 flake 
before and after XeF2 treatment under 1 Torr for 60 s have been compared. The colour 
contrast of the WSe2 flake, which represents the information of WSe2 thickness [138, 
187], can be seen to change upon vapour XeF2 treatment. The thicknesses of the WSe2 
flake before and after vapour XeF2 exposure (represented by d’ and d, respectively) 
have been determined through AFM analysis (insets of Figure 4-4a, b) and annotated 
in the corresponding optical images (Figure 4-4a, b). As can be seen, after XeF2 
exposure for 60 s, the thickness of the WSe2 flake has been reduced by 1.5 nm, which 
is equivalent to a bilayer of WSe2 [138].  
 
Figure 4-3. Schematics of the experimental setup of the vapour XeF2 treatment (a) and the 
chemical reaction of vapour XeF2 with WSe2 (b). 
Figure 4-4c, d summarize the etched depth h = d’ − d and root-mean-square roughness 
RRMS variation as a function of increasing etching time t and etching pressure P. The 
AFM topography images of WSe2 before and after vapour XeF2 thinning under various 
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experimental parameters can be found in Figure 4-5. As shown by the black curve of 
Figure 4-4c, before 90 s, not much thickness variation is observed, while the etching 
rate h/t starts to increase significantly after 90 s. In contrast to the change of etching 
rate, the RRMS value (blue curve in Figure 4-4c) increases quickly before 90 s and is 
seen to flatten gradually after 90 s. The increase in roughness would result in increased 
surface area and defect sites hence supplying more reaction sites, which can contribute 
to an accelerated etching rate as etching time increases.  
(c) (d)
(a) (b)
20 μm 20 μm
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6.8 nm
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Figure 4-4. Optical images of WSe2 before (a) and after (b) XeF2 treatment under 1 Torr for 
60 s. Insets are corresponding AFM images of the WSe2 flake. Scale bars of insets are 10 μm. 
The etched depth (h, black curves) and root-mean-square roughness (RRMS, blue curves) of 
WSe2 versus etching time t under 1 Torr (c) and etching pressure P within 60 s (d). Symbols 
are measured results, and the solid lines serve as a guide to the eye. 
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Figure 4-5. AFM topography images of WSe2 before (a) and after XeF2 treatment under 
different exposure conditions: 1.0 Torr for 30 s (b), 60 s (c), 90 s (d), 120 s (e), 180 s (f), 240 
s (g), and 300 s (h); 1.5 Torr (i) and 2.0 Torr (j) for 60 s. 
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Figure 4-4d shows the effect of the exposure pressure on the etched depth and surface 
morphology during an etching time of 60 s. Both the etching rate and surface 
roughness show a rising trend when the exposure pressure increases, possibly caused 
by an increased amount of available etchant (F radicals) with increasing pressure. 
Notably, the etching rate is observed to increase by one order of magnitude when the 
exposure pressure is doubled. Therefore, by varying the exposure pressure, the 
controllability and efficiency of WSe2 etching can be tuned for different applications 
easily, i.e., slow speed etching for thinning and fast speed etching for patterning.  
Furthermore, the surfaces of WSe2 with the same etched depth, thinned by vapour 
XeF2, are generally smoother than using plasma thinning methods [177, 188, 189], 
which is crucial to restrain surface scattering and thereby limit the mobility 
degradation of the etched materials. In addition, vapour XeF2 thinning is more efficient 
than FIB, laser, and thermal annealing assisted thinning methods [94, 172-175], and 
hence easier to scale-up for wafer-level processing. Meanwhile, a highly selective 
etching of WSe2 over most dielectrics and metals (e.g., SiO2, Si3N4, Al2O3, HfO2, and 
Al) can be achieved by using vapour XeF2 [190]. 
Figure 4-6 shows an example of layer thinning of 23-layer (Figure 4-6a) and 109-layer 
(Figure 4-6b) WSe2 into a monolayer (Figure 4-6c) and a bilayer (Figure 4-6d), 
respectively, by vapour XeF2 with appropriate exposure times based on the results in 
Figure 4-4c. Note that the number of layers of WSe2 films annotated in Figure 4-6c, d 
is confirmed further by Raman measurements, which will be explained later. The 
thicknesses of XeF2 thinned WSe2 (1.3 nm for monolayer and 2.1 nm for bilayer), as 
shown in Figure 4-6e, f, have been found to be larger than those of pristine monolayer 
(≈0.8 nm) and bilayer (≈1.5 nm) WSe2 [138]. Moreover, distinct from thinning with 
thermal annealing methods [94, 174, 191], no etching pits and excellent uniformity in 
thickness have been observed on vapour XeF2 thinned WSe2 (the dots seen in Figure 
4-6c, d originate from tape residues beneath the WSe2 films introduced during the 
sample preparation process). 
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Figure 4-6. Optical images of 23-layer (23L; a) and 109-layer (109L; b) WSe2 before and after 
thinned into monolayer (1L; c) and bilayer (2L; d) WSe2 by vapour XeF2 under 1 Torr for 135 
and 265 s, respectively. (e, f) AFM images of the corresponding WSe2 in (c) and (d), 
respectively, with superimposed height profiles along the dashed lines. The scale bars are 20 
µm. 
4.3 Raman and PL spectroscopy analysis of XeF2 
treated WSe2 
Raman scattering has been conducted to characterize the influence of vapour XeF2 
treatment on the crystal quality of the thinned WSe2 and determine the number of WSe2 
layers, as shown in Figure 4-7. Note that, the intensity of Raman spectra has been 
renormalized with reference to the spectra in top row of Figure 4-7a and Figure 4-7b 
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for clarity. Figure 4-7a compares the Raman spectra of WSe2 before (5- and 6-layer) 
and after vapour XeF2 exposure (3- and 4-layer) under 1 Torr for 60 s. The Raman 
peaks located at around 249 cm−1 and 258 cm−1 are attributed to the in-plane 
vibrational mode (E12g) and out-of-plane vibrational mode (A1g), respectively, similar 
to the reports of [123, 192]. Another Raman peak at 308 cm−1 is assigned to the B12g 
mode arising from the presence of interlayer interaction [103], which can be used to 
distinguish monolayer and multilayer WSe2. After XeF2 treatment, blueshifts of the 
E12g
 mode are observed, and the Raman peak intensities of E12g and A1g modes show 
an increase compared to the spectra of pristine WSe2, due to the reduction in number 
of layers, which have also been observed in previous reports [193, 194].  
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Figure 4-7. (a) Raman spectra of WSe2 before (5- and 6-layer, black curves) and after XeF2 
treatment (3- and 4-layer, red curves) under 1 Torr for 60 s. (b) Raman spectra of pristine 
(black curves) and XeF2 thinned (red curves) WSe2 in monolayer (1L), bilayer (2L), and 8-
layer (8L). For clarity, the intensity of Raman spectra has been renormalized.  
Figure 4-7b shows the Raman spectra of pristine WSe2 (black curves) and vapour XeF2 
thinned WSe2 (red curves) with the same number of layers. Note that the first two rows 
(from the top) Raman spectra of thinned WSe2 in Figure 4-7b are obtained from the 
samples shown in Figure 4-6c, d, respectively. The thinned WSe2 in Figure 4-6c is 
determined to be monolayer because of the absence of the B12g mode, as shown in the 
first row spectrum in Figure 4-7b. The appearance of the B12g mode in the second row 
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Raman spectrum of thinned WSe2 in Figure 4-7b indicates the presence of multilayer 
WSe2 in Figure 4-6d. In addition, the thinned WSe2 in Figure 4-6d is thicker than the 
thinned monolayer WSe2 (Figure 4-6c) by 0.8 nm, which is equal to the interlayer 
distance of WSe2 [138], so the WSe2 film in Figure 4-6d can be determined to be a 
bilayer WSe2. In comparison with pristine WSe2, all of the E
1
2g
 modes of XeF2 thinned 
WSe2 in Figure 4-7b show a similar degree of blueshift (≈1.1 cm
−1), regardless of the 
number of WSe2 layers, which is likely to be caused by a decrease in free electron 
concentration (p-doping) [95, 99, 195] after vapour XeF2 treatment. Moreover, after 
XeF2 exposure, no significant change but a slight broadening in the full width at half 
maximum (FWHM) of the E12g
 peaks (from 3.7 to 4.5 cm−1 for monolayer, 3.8 to 4.6 
cm−1 for bilayer, and 4.0 to 5.3 cm−1 for 8-layer) together with the reduction of Raman 
peak intensities have been observed, which implies that the vapour XeF2 thinning does 
not compromise the crystalline quality of WSe2 at the macroscopic level but introduces 
some minor defects and/or crystal damages.  














































Figure 4-8. Photoluminescence (PL) spectra of pristine and XeF2 thinned monolayer WSe2 
deconvoluted into neutral exciton (A0, blue curves) and trion (A*, green curves) emission 
peaks with Lorentzian functions. The PL intensities are normalized to that of pristine WSe2. 
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Photoluminescence (PL) spectroscopy has been performed on pristine and thinned 
monolayer WSe2 to characterize the band-to-band emission arising from excitonic 
transitions. Figure 4-8 compares the normalized PL spectra of pristine monolayer 
WSe2 and thinned monolayer WSe2 achieved by XeF2 exposure for 1 and 2 min. As 
shown in the first row spectrum, the pristine monolayer WSe2 presents a prominent PL 
peak at 1.65 eV (the A excitonic emission), corresponding to the direct band gap 
transition (Κ to Κ point of the Brillouin zone), as reported in Ref. [10, 104]. The A 
emission can be deconvoluted further into neutral exciton emission at 1.65 eV (A0) 
and trion emission at 1.63 eV (A*) [196]. It can be seen that the neutral excitons (A0) 
dominate the PL emission of pristine WSe2. In contrast to pristine WSe2, the thinned 
monolayer WSe2 after 1 min (second row spectrum) and 2 min (third row spectrum) 
XeF2 treatment exhibit approximately 7- and 21-fold decrease in the A peak intensities 
and broadening of the A emission peaks from 48 meV (0 min) to 70 meV (1 min) and 
80 meV (2 min) in FWHM, respectively. In addition, redshifts of the A emission peaks 
by 21 meV (1 min XeF2 exposure) and 33 meV (2 min XeF2 exposure) are observed 
in the thinned WSe2. Moreover, the intensity ratios of trion (A*) to neutral exciton (A
0) 
emissions are found to increase with extending XeF2 thinning time, from 0.4 (0 min) 
to 0.8 (1 min) and 1.4 (2 min), which indicates the existence of enhanced 
concentrations of excess carriers, thus doping effects, caused by XeF2 treatment, as 
suggested from Raman measurements. As trions (A*) possess the features of lower PL 
efficiencies and lower PL emission energy compared to neutral excitons [196, 197], 
the presence of the higher ratio of trions in XeF2 thinned WSe2 can give rise to the 
observed weakening, broadening, and redshifts of the A emission peaks [198-200]. 
Note that the defects produced during vapour XeF2 exposure could also contribute to 
the reduction of the PL peak intensities of the thinned WSe2 [99, 101, 201].  
4.4 XPS analysis of XeF2 treated WSe2 
4.4.1 Few-layer WSe2 
To investigate the evolution of the surface composition of WSe2 before and after 
vapour XeF2 treatment, X-ray photoelectron spectroscopy (XPS) measurements have 
been carried out. Note that most of the XPS experiments have been conducted on 
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multilayer WSe2 flakes unless otherwise specified. The survey spectrum (Figure 4-9a) 
of pristine WSe2 consists of C, Si, O, W, and Se related peaks. An additional peak 
associated with F appears after vapour XeF2 exposure.  
Figure 4-9b, c show the high-resolution XPS spectra of W 4f and Se 3d core levels of 
WSe2 before and after XeF2 treatment under 1 Torr for 2 and 5 min, respectively. 
Before XeF2 exposure, the doublet observed at 32.6 and 34.8 eV (first row spectrum 
in Figure 4-9b corresponds to 4f7/2 and 4f5/2 lines of W
4+ contributed from pristine 
WSe2 and the peak at 37.9 eV can be assigned to the W 5p3/2 core level of WSe2, in 
agreement with the reports of [142, 202, 203]. The Se 3d core level spectrum of pristine 
WSe2 (in the chemical state of Se
2−) exhibits a 3d5/2 and 3d3/2 doublet at 54.9 and 55.7 
eV, as shown in the first row spectrum in Figure 4-9c. After WSe2 has been treated 
with vapour XeF2 for 2 min (second row spectrum in Figure 4-9b), a weaker doublet 
peak appears at 35.5 and 37.7 eV that can be associated with the 4f7/2 and 4f5/2 
components of the W6+ and W5+ chemical states [204-206]. Moreover, the stronger 
doublet originating from the W 4f core level in the chemical state of W4+ shifts towards 
lower binding energy with 32.1 (4f7/2) and 34.2 eV (4f5/2). When the exposure time 
reaches 5 min as shown in the third row spectrum in Figure 4-9b, the W 4f core level 
of W4+ downshifts further by ≈0.8 eV compared with the spectrum of pristine WSe2. 
Meanwhile, similar shifts in binding energy are also found in Se 3d core level spectra 
of WSe2 treated by vapour XeF2 for the same time. This observation indicates a Fermi 
level shift towards the valence band of the WSe2 film, therefore confirming the 
presence of a p-doping effect (increased ratio of free hole carriers to electron carriers) 
caused by XeF2 exposure, which is consistent with previous Raman and PL 
measurements. However, no additional doublet representing any other chemical state 
of Se is observed in the Se 3d core level spectra after XeF2 exposure.  































































































































































Figure 4-9. (a) XPS survey spectra of a pristine (black curve) and XeF2 treated (red curve) 
sample within the range of 0–800 eV. High-resolution XPS spectra of W 4f (b), Se 3d (c), F 
1s (d), and O 1s (e) core levels of the samples before and after XeF2 treatment under 1 Torr for 
2 and 5 min. The experimental data are displayed as black circles. The dashed lines are 
Gaussian-Lorentzian fits. The solid lines are the envelopes of the fitted components. The 
spectra are offset vertically for clarity. The vertical dashed lines serve as a guide to the eye. 
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To determine the origin of W6+ and W5+ chemical states, the high-resolution XPS 
spectra of F 1s and O 1s core levels of the samples have been acquired. After vapour 
XeF2 treatment, a feature at 687.3 eV associated with W–F bond appears in Figure 
4-9d, which can be attributed to WF6 physically trapped in the lattice of thinned WSe2. 
Similar results have also been reported in tungsten etching with fluorine-based 
etchants [207-209]. Although another etching product in the form of WF4 has been 
observed in some of the previous reports on tungsten etching, represented by an XPS 
peak of F 1s core level at 684.0~685.0 eV [209-212], no sign of WF4 is seen from the 
XeF2 thinned WSe2.  
The molar amount of WSe2 etched by vapour XeF2 within 1 min can be estimated with 





= , where A is the area of the substrate (1 cm2), ρ is the 
density of WSe2 (9.32 g cm
−3), M is the molar mass of WSe2 (341.76 g mol
−1), h is the 
etched depth of WSe2 within 1 min (≤50 nm), fWSe2 is the proportion of the area covered 
by WSe2 films to the whole substrate (≤0.04). Thus, the nWSe2 is extracted to be ≤ (1.36 
× 10−7 × fWSe2) mol ≤ 5.44 × 10




=  has been used to 
estimate the molar amount of vapour XeF2 fed through the etching system per minute, 
where P is the pressure of etching environment (1 Torr), V is the volume of XeF2 gas 
fed into the system in 1 min (25 cm3), R is the ideal gas constant (8.314 m3 Pa K−1 
mol−1), and T is the temperature of vapour XeF2 exposure (≈298 K). The calculation 
gives nXeF2 = 1.35 × 10
−6 mol. Under the condition of the tungsten and selenium being 
fluorinated fully, the chemical reaction will occur as below:  
WSe2 + 9XeF2 = WF6 + 2SeF6 + 9Xe and/or WSe2 + 18XeF2 = WF6 + 2SeF6 + 18XeF 
Therefore, 1 unit of WSe2 will react with 9–18 units of vapour XeF2. The molar ratio 
of the available XeF2 reactant to actually consumed WSe2 is nXeF2/nWSe2 ≥ 2.5 × 10
2 
>> 18, which indicates that the WSe2 etching has operated under F efficient regime. 
Therefore, the etching products are expected to be fully fluorinated species, i.e., WF6 
and SeF6. Because of the greater volatility of SeF6 (−46.6 °C in boiling point) than 
WF6 (18 °C in boiling point), there is less chance for SeF6 to be trapped inside of the 
WSe2 lattice, which explains the observed absence of additional chemical states of Se.  
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In addition, some W–O bonds are suspected to form on top of the thinned WSe2 after 
the samples have been exposed to air, due to the presence of a weak O 1s feature 
observed at around 531 eV buried by the strong O 1s peak at 533 eV contributed from 
SiO2 substrate because of the smaller lateral dimension of WSe2 than the X-ray spot, 
(20 μm in radius) in the O 1s core level spectra of XeF2 treated WSe2 (Figure 4-9e), 
which can be assigned to WOx (x≤3) [99, 206, 208]. Also, the fact that the monolayer 
and bilayer WSe2 achieved by vapour XeF2 thinning are detected to be thicker than 
pristine WSe2 as presented in Figure 4-6e, f, together with previously reported 
observation of the presence of WOx from fluorine etched tungsten with no/low ion 
bombardment [213, 214], supports the existence of WOx overlayer on XeF2 thinned 
WSe2. Overall, both the WOx overlayer and trapped WF6 could contribute to the 
chemical states of W6+ and W5+ found in vapour XeF2 treated WSe2. Moreover, the 
observed broadening of the W 4f and Se 3d peaks of WSe2 after XeF2 treatment in 
Figure 4-9b, c is likely to be attributed to the ionized impurity scattering from F− within 
the trapped WF6 and the rougher surface of WSe2 after XeF2 exposure. 
4.4.2 Bulk WSe2 
Further XPS measurements have been performed on bulk WSe2 with larger lateral 
dimension (in millimetre scale) than the X-ray spot to eliminate the interference of the 
signals contributed from the SiO2/Si substrates. As shown in Figure 4-10a-d, the F 1s, 
O 1s, W 4f, and Se 3d core level spectra of pristine WSe2, as well as XeF2 treated 
WSe2 before and after KOH solution immersion have been investigated. Before XeF2 
treatment, no peak in F 1s spectrum (Figure 4-10a), one O 1s peak located at 532.8 eV 
attributed to adsorbed water on WSe2 (Figure 4-10b) [215], one doublet peak at 32.6 
and 34.8 eV (Figure 4-10c), and another doublet at 54.8 and 55.7 eV (Figure 4-10c) 
contributed from W4+ and Se2− have been observed, respectively. After vapour XeF2 
treatment of bulk WSe2 for 5 min, an F 1s peak and an additional O 1s peak appear at 
687.4 eV (Figure 4-10a) and 531.3 eV (Figure 4-10b), respectively, accompanied by 
the emergence of a weaker doublet peak corresponding to W6+ and W5+ chemical states 
in W 4f spectrum (Figure 4-10c), which indicates the existence of WF6 and WOx after 
XeF2 treatment and air exposure. Meanwhile, the W
4+ and Se2− core levels present a 
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similar downshift in binding energy (Figure 4-10c, d), similar to the observation in 


























































































































Figure 4-10. High-resolution F 1s (a), O 1s (b), W 4f (c), and Se 3d (d) core levels spectra of 
bulk WSe2 before and after XeF2 treatment for 5 min, followed by immersion in KOH solution 
for 15 s. The experimental data are displayed as black circles. The dashed lines are Gaussian-
Lorentzian fits. The solid lines are the envelopes of the fitted components. The spectra are 
offset vertically for clarity. The vertical dashed lines serve as a guide to the eye. 
The mechanism of WOx production can be investigated using classical equilibrium 
thermodynamics. If the Gibbs free energy ΔG of a reaction is negative, then the 
reaction can occur spontaneously and vice versa. The lower the value of ΔG, the more 
spontaneous the reaction will be. Below are evaluations of some possible chemical 
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reactions when the XeF2 treated WSe2 undergoes exposure to air. The Gibbs free 
energy G of the reactants and products in their standard states (298K and 1 atmospheric 
pressure) obtained from Ref. [216, 217] have been used for calculation (The G of WOx 
and WOFx is assumed to equal that of WO3 and WOF4, respectively).  
2WF6 + O2 = 2WOF4 + 2F2 
ΔG = 2 × (−1298) − 2 × (−1631.4) = 666.8 kJ mol−1 (Nonspontaneous) 
2WF6 + 3O2 = 2WO3 + 6F2 
ΔG = 2 × (−764.1) − 2 × (−1631.4) = 1734.6 kJ mol−1 (Nonspontaneous) 
WF6 + H2O = WOF4 + 2HF 
ΔG = (−1298) + 2 × (−275.4) − (−1631.4) − (−228.6) = 11.2 kJ mol−1 
(Nonspontaneous) 
WF6 + 3H2O = WO3 + 6HF  
ΔG = (−764.1) + 6 × (−275.4) − (−1631.4) − 3 × (−228.6) = −99.3 kJ mol−1 
(Spontaneous) 
Therefore, based on the above thermodynamics, the reaction product of XeF2 thinned 
WSe2 when exposed to air should be WOx produced from the reaction of trapped WF6 
and water in the air, while the possibility of the existence of WOFx can also be 
excluded. However, no Raman peak belonging to WO3 (around 712 and 802 cm
−1) 
[103, 218] has been observed from XeF2 treated WSe2 (see Figure A-1 in Appendix 
A), which indicates that the oxide film formed on top of the XeF2 thinned WSe2 could 
be substoichiometric (amorphous) WOx with x<3 [99, 219].  
Subsequently, the XeF2 treated bulk WSe2 has been immersed in 1 mol/L KOH 
solution for around 15 s, which is able to remove any existing WF6 and WOx. Then, 
the previously observed F 1s peak, the additional O 1s peak, and the weaker doublet 
peak of W6+ and W5+ disappear simultaneously, as shown in the third row spectra in 
Figure 4-10a-c, suggesting the removal of WF6 and WOx by the KOH solution 
immersion. At the same time, an upshift of W4+ and Se2− core level in binding energy 
has been observed, which indicates a degradation of the p-doping effect on WSe2 after 
WF6 and WOx are removed. This observation implies that WF6 and WOx contribute to 
the p-doping effect. However, the W4+ and Se2− core level of WSe2 after KOH solution 
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treatment does not shift back to the original binding energy of WSe2 (first row 
spectrum in Figure 4-10c, d), the reason of which will be explained later.  
4.4.3 Quantitative analysis 
In order to quantify the surface composition of WSe2, the area of peaks attributed to 
different components (W4+ and Se2− from WSe2, W
6+ and W5+ from WF6 and WOx) 
have been computed after subtraction of background by the Shirley method and 
normalization with empirical relative sensitivity factors (2.75 for W and 0.67 for Se) 
[220]. The ratio of (W6+ + W5+) to W4+ is seen to increase as the exposure time is 
extended (blue curve in Figure 4-11a). Notably, despite the different etching times, the 
XeF2 thinned monolayer and bilayer WSe2 are thicker than pristine WSe2 with the 
same number of layers by the same amount (0.5~0.6 nm), as shown in Figure 4-6e, f. 
This observation indicates a fixed thickness of WOx overlayer regardless of etching 
time, due to the previously reported self-limiting growth mechanism of WOx [99, 195]. 
Therefore, the observed atomic ratio change in (W6+ + W5+)/W4+ is likely to be the 
result of an increased amount of trapped WF6 produced during the vapour XeF2 
exposure, which could be within several nanometers from the surface of XeF2 thinned 
WSe2 [213].  
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Figure 4-11. (a) Se2−/W4+ (black curve) and (W6+ + W5+)/W4+ (blue curve) atomic ratios versus 
etching time extracted by integration of the XPS peaks. (b) The evolution of binding energy 
(BE) of W 4f7/2 and Se 3d5/2 lines of WSe2 as a function of XeF2 exposure time. 
Additionally, the atomic ratio of Se2− to W4+ goes beyond the standard stoichiometric 
ratio of WSe2 (2:1) as the etching time increases (black curve in Figure 4-11a), 
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suggesting that the availability of W4+ bonded with Se2− to form stoichiometric WSe2 
becomes less and less during the vapour XeF2 treatment, thus rendering the presence 
of non-stoichiometric WSe2, i.e., WSex with x>2. In the case of the uniform layer 
thinning with surface roughness below 0.7 nm here, the WSex is estimated to be 1~2 
layer thick, mainly formed at the reaction interface of WSe2 with vapour XeF2. The 
fact that removing WF6 and WOx by KOH solution immersion does not shift the W
4+ 
core level back to the binding energy of pristine WSe2, as mentioned before, is possibly 
due to the remaining non-stoichiometric WSex contributing to the p-doping effect. 
4.5 Summary of the doping mechanism by vapour 
XeF2 
 
Figure 4-12. Proposed schematic (not to scale) of XeF2 treated WSe2 after exposed to air. 
To summarize the observed p-doping effect on WSe2 induced by vapour XeF2 
treatment, three factors could play important roles as depicted in the schematic of 
Figure 4-12: 1) the large work function of WOx (≈6.7 eV) [221] enables electron 
transfer from the underlying thinned WSe2 to the WOx overlayer, resulting in the 
electron carriers depletion in thinned WSe2 (serving as hole-injection layer) [195]; 2) 
the presence of fluorine atoms from the WF6 trapped in the lattice of thinned WSe2, 
owing to a stronger electronegativity (3.9) than that of W (1.7) and Se (2.55) [216], 
attracts the excess electrons from WSe2 making the thinned WSe2 p-doped [222]; 3) 
the non-stoichiometric WSex with W
4+ cation deficiency formed on the surface of the 
XeF2 treated WSe2 could act as electron acceptors and lead to an increase in the hole 
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density [101, 152, 223, 224]. It is noteworthy that the effective p-doping region, where 
electrons are depleted, and holes are the major conductive carriers, can exist beyond 
the location of electron acceptors (non-stoichiometric WSex layers and F
− resided 
layers in this case) based on the Ref. [189]. Additionally, as shown in Figure 4-11b, 
the degree of binding energy downshift of W 4f7/2 and Se 3d5/2 core levels of WSe2 
increases as XeF2 exposure time extends. This observation indicates the reduced 
energy difference between the Fermi level and the valence band of WSe2 and hence 
increased p-doping level with longer XeF2 treatment. 
4.6 Electrical characterization of XeF2 treated WSe2 
FETs 



















Figure 4-13. Optical (top row) and schematic (bottom row, not to scale) images of a WSe2 
FET before (a) and after (b) 4 min XeF2 treatment under 1 Torr. Scale bars are 20 µm. 
To gain more insight into the doping effects introduced by vapour XeF2 treatment, 
WSe2 FETs have been fabricated and characterized electrically. For these devices, 
highly p-doped Si substrates serve as back gate electrodes with 300 nm SiO2 as gate 
dielectrics, and e-beam evaporated Ti (30 nm)/Al (200 nm) metal stacks have been 
used as metal electrodes. Figure 4-13a, b display the optical images and schematic 
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illustrations of a WSe2 FET before and after vapour XeF2 treatment. In order to 
eliminate the impact of contact resistance Rcontact on the device performance, four-
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Figure 4-14. The transfer characteristics (IDS–VGS) of the WSe2 FET at VDS = 1V before and 
after XeF2 treatment under 1 Torr for different etching times, plotted in linear (a) and 
logarithmic (b) scales. (c) The threshold voltage on the p-side Vth(p) and hole conductivity σ at 
VGS − Vth(p) = −20 V versus etched depth h. (d) Hole mobility µh and volume concentration nh 
when VGS − Vth(p) = −20 V as a function of etched depth h. The top axes of (c, d) indicate the 
remaining thickness of the WSe2 channel after XeF2 etching. 
Figure 4-14a, b show the linear and logarithmic plots of transfer curves (IDS–VGS) of 
the WSe2 FET obtained at a fixed drain bias (VDS = 1 V) before and after vapour XeF2 
exposure under 1 Torr for various times. The transfer characteristic of the pristine 
WSe2 FET exhibits an n-type dominant ambipolar behaviour with the threshold 
voltage at the hole (p-side) and electron (n-side) transport regime measured to be Vth(p) 
= −76.8 V and Vth(n) = −11.2 V, respectively. The threshold has been extracted by 
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extrapolating the slopes of the linear plots of IDS–VGS curves down to 0 A. While after 
the XeF2 treatment for 4 min, the ambipolar behaviour of the WSe2 FET becomes n-
type dominant with Vth(p) = 22.1 V and Vth(n) = 72.3 V, respectively.  
Left axis of Figure 4-14c presents the relationship of the threshold voltage at the hole 
transport regime Vth(p) with respect to etching time t and etched depth h extracted from 
Figure 4-14a. A shift of the Vth(p) towards higher voltage with increasing etching time 
and etched depth has been observed in Figure 4-14c, which can be attributed to the 
vapour XeF2 induced p-doping effect (increased ratio of free hole carries to electron 
carriers) and reduced thickness of the WSe2 channel [162]. Notably, when the WSe2 
channel is etched to ≈20 nm thick after 3.5 min XeF2 treatment, the FET possesses a 
threshold voltage Vth(p) of 0 V (Figure 4-14c), and holes start to become the dominant 
carriers at VGS = 0 V (Figure 4-14b) in the meantime. After 4 min vapour XeF2 
treatment, the volume conductivity (derived by σ = σs/d) at a constant gate voltage bias 
(VGS − Vth(p) = −20 V) is found to increase by more than one order of magnitude (from 
3.2 × 103 to 4.8 × 104 μS cm−1), as presented by the right axis of Figure 4-14c.  
The field-effect hole mobility µh can be calculated from the linear region of the σs–VGS 
curves on the p-side with the expression of µh = (dσs/dVGS) × (1/Cox), where Cox = 11.5 
× 10−9 F cm−2 is the capacitance between the WSe2 channel and back gate per unit area 
(ε0εox/dox; εox = 3.9; dox = 300 nm). Furthermore, the hole volume concentration nh can 
be derived from the relation σ = nhqμh, where q is the elementary charge. As shown in 
Figure 4-14d, the hole mobility μh (left axis) first shows a positive then negative 
dependence on the increasing etching time and etched depth, while the hole volume 
concentration nh (right axis) only exhibits a rising trend as etching time extends. When 
WSe2 is relatively thick, the current IDS injected from metal contacts on the top surface 
of WSe2 needs to flow down to lower layers (bypass some interlayer resistance) before 
flowing across the WSe2 channel, because the gate electric field only modulates the 
free carrier in the bottom layers as a result of charge screening [141]. Therefore, the 
improvement of hole mobility with increasing etching time in the first stage is caused 
mainly by the decreasing series interlayer resistance resulting from the reduction of 
WSe2 thickness. As the thickness of the WSe2 channel is thinned to ≈30 nm, the hole 
mobility enters a downtrend, while further reduction in the thickness of the thinned 
WSe2 results in a significant enhancement in hole concentration. This observation 
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suggests that for a thinned WSe2 with thickness ≤30 nm, the impact of the XeF2 
induced p-doping is much larger, and the hole carriers in the XeF2 treated WSe2 film 
are likely to undergo more ionized impurity (F−) and charge-charge scatterings. In 
addition, the thinner WSe2 films are more susceptible to carrier scattering induced by 
increased surface roughness and interfacial Coulomb impurities (including chemical 
residues on top of WSe2 film and surface dangling bonds on the SiO2/Si substrate) 
[160], which can also be responsible for the observed degraded hole mobility.  






















Figure 4-15. Optical, AFM (tow row) and schematic (bottom row, not to scale) images of the 
FETs fabricated from pristine (a) and XeF2 thinned (b) WSe2 with a similar number of layers 
(≈7-layer). Insets are AFM images of the WSe2 flakes used for the device fabrication. Scale 
bars are 40 and 10 µm for optical and AFM images, respectively. 
As the thickness variation of WSe2 can affect the electrical performance of the FET 
including electrical mobility, threshold voltage, and contact resistance [141, 160, 162, 
165, 166, 225-227], in order to study the p-doping effect of vapour XeF2 treatment 
without the contribution of reduced thickness of WSe2, two FETs made from pristine 
WSe2 (Figure 4-15a) and XeF2 thinned WSe2 (Figure 4-15b) with a similar number of 
layers (≈7-layer) have been characterized, and their electrical transfer properties have 
been compared, as shown in Figure 4-16a. The pristine WSe2 FET exhibits an n-type 
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dominant ambipolar behaviour with a Vth(p) of −45V, while the XeF2 thinned WSe2 
FET shows an increased value of Vth(p) with 18V, which confirms the p-doping effect 
introduced by vapour XeF2 treatment. Further calculation (See Appendix B, for 
details) supports the conclusion of degenerate p-type doping with the vapour XeF2. 
However, distinct from some degenerate doping methods that lead to a near-metallic 
transport behaviour of doped WSe2 [155, 179, 184], the XeF2 treated WSe2 still 
possesses an apparent semiconducting behaviour, which is critical for the fabrication 
of logic circuits and optoelectronic devices.  
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Figure 4-16. (a) Transfer characteristics (IDS–VGS) of the two different FETs at a fixed VDS = 1 
V plotted in logarithmic scale. (b) Contact resistance Rcontact versus gate voltage VGS for the 
two different FETs. Insets are schematics of the band alignment for the WOx/thinned WSe2 
and Ti/pristine WSe2 interfaces. 
Figure 4-16b depicts the contact resistance Rcontact between Ti and WSe2 of the two 
kinds of FETs with respect to gate voltage VGS, which has been extracted from two-
terminal and four-terminal measurements. As the gate voltage increases, the contact 
resistance of pristine WSe2 FET shows a descending tendency while the contact 
resistance of the FET made from XeF2 thinned WSe2 ramps up with values of more 
than one order of magnitude smaller. For the pristine WSe2 FET, as discussed before, 
an n-type Schottky barrier is formed at the Ti/WSe2 interface. As the gate voltage 
increases, the width of the Schottky barrier decreases due to the upshift of Fermi level 
of WSe2, leading to the reduction of contact resistance. In the case of XeF2 thinned 
WSe2 FET, where an additional layer of WOx exists on the thinned WSe2, the contact 
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between Ti and thinned WSe2 includes Ti/WOx and WOx/thinned WSe2 dual 
interfaces. Although WO3 is an n-type semiconductor with a comparatively large band 
gap of 2.6~2.9 eV [228, 229], the oxygen vacancies in the WO3 lattice can narrow the 
band gap greatly [206]. Therefore, the substoichiometric WOx can be considered as a 
metal with a low density of states at the Fermi level and should form an Ohmic contact 
with Ti at the Ti/WOx junction [230]. Owing to a high work function of WOx (≈6.7 
eV) [221], the Fermi level of WOx should lie below the VBM of thinned WSe2, and 
one would expect an Ohmic hole contact at the WOx/thinned WSe2 junction when the 
interface Fermi-level pinning of WOx contacts can be neglected [230]. However, in 
reality, the WOx work function can be lowered by oxygen vacancies in the 
substoichiometric WOx and carbon contamination (e.g., resist residues) introduced 
from the device fabrication process, which has been observed in previous reports [195, 
231, 232]. Therefore, the notable Schottky contact behaviour of Ti/WOx/thinned WSe2 
interfaces seen in Figure 4-16b can be attributed to the degraded work function of WOx 
which makes the Fermi level of WOx lie between the CBM and VBM of WSe2. 
Nevertheless, the WOx contact still forms a lower Schottky barrier with WSe2 than Ti 
contact does, which allows more effective tunnelling of charge carriers through the 
contact barriers.  
4.7 Air stability of vapour XeF2 doping 
Further tests (electrical and XPS characterization) on the air stability of the XeF2 
doping of WSe2 have been conducted. Figure 4-17a shows the IDS–VGS curves (plotted 
in logarithmic scale) at VDS = 1V obtained from the same XeF2 thinned WSe2 FET in 
Figure 4-15b after exposure to air (class 10 cleanroom environment with ≈20 °C in 
temperature and 35~45 % in humidity) for different time durations. As can be seen, 
after exposure to air for 240 h, the device still exhibits a p-doping feature, although the 
threshold voltage on the p-side Vth(p) shifts towards the negative direction gradually 
with increasing time of air exposure, as shown in Figure 4-17b. The similar decreasing 
trend has also been observed in the IDS when VGS = −80 V and nh when VGS = 0 V, as 
shown in Figure 4-17c, indicating a reduction of the p-doping degree caused by 
ambient air. Note that the IDS exhibits a relatively large degradation (reduced by 40%) 
after the first 70 h of air exposure, then the device undergoes a gradual IDS drop by 
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11% after an additional 70 h exposure to air, and eventually starts to stabilize at a 
certain current level, exhibiting a 5% drop through the last 100 h. Similar to the 
behaviour of IDS, the hole concentration nh decreases quickly during the first 140 h and 
then starts to flatten. The instability of the p-doping effect is most likely to be due to 
the lowering of WOx work function arising from atmospheric adsorbates (e.g., carbon 
contamination and water) located on the top surface of WOx, as previously observed 
[195, 233-236]. Therefore, the reduced efficiency of charge transfer from the 
underlying thinned WSe2 to the WOx overlayer can contribute to the decreased hole 
carrier density and hence degrade the p-doping effect. In addition, the W 4f core level 
of W4+ is observed to upshift slightly by ≈0.1 eV in binding energy after XeF2 treated 
WSe2 has been exposed to air for 6 days as shown in Figure 4-17d, due to the lowering 
of the p-doping level. Nevertheless, the atomic ratio of (W6+ + W5+)/W4+ is found to 
stay almost unchanged (≈0.3) after air exposure, which means that the overlayer WOx 
could serve as a barrier preventing WF6 detrapping from the WSe2 lattice.  
Overall, distinct from other unstable surface adsorption or molecular doping methods 
(e.g., NO2, K vapour, polyethyleneimine, and Co6Se8(PEt3)6 doping) of which the 
doping effect will become ineffective once exposed to ambient air for a short period 
(as depicted in Figure 4-2) [155, 185, 186, 237], the XeF2 doped device exhibits no 
significant degradation of p-doping features during the testing period of 10 days, which 
is crucial for the fabrication of the devices that need to operate at ambient condition 
for a long-term. In the future, further improvement of the air stability of XeF2 doping 
can be achieved by deposition of an additional passivation layer on top of the devices 
[238]. The doping of WSe2 with vapour XeF2 approach can be used to fabricate 
complementary inverters and lateral p-n junction on the same WSe2 film for 
applications in logic circuits, p-n diodes, photovoltaics, and light-emitting diodes 
(LEDs).  
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Figure 4-17. (a) Transfer characteristics (IDS–VGS when VDS = 1V) of a XeF2 doped WSe2 FET 
before and after exposure to ambient air for different time durations. The Vth(p) (b), IDS at VGS 
= −80V (left axis of c), and nh at VGS = 0V (right axis of c) as a function of air exposure time. 
(d) High-resolution XPS spectra of W 4f core level of XeF2 treated WSe2 before and after air 
exposure for 6 days. 
4.8 Conclusions 
In summary, an approach for controllable layer thinning and air-stable p-type doping 
of WSe2 has been developed by vapour XeF2 treatment. The surface roughness of XeF2 
thinned WSe2 can be controlled to below 0.7 nm at an etched depth of 100 nm, which 
is smoother than general plasma thinning methods. The etching rate of WSe2 shows a 
significant dependence on the exposure pressure of vapour XeF2. Therefore, by tuning 
the exposure pressure, slow etching and fast etching can be achieved easily for 
different applications, i.e., thinning and patterning. The phenomena of blueshifts of the 
E12g mode, redshifts of the PL peaks, downshifts of W 4f and Se 3d core levels in 
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binding energy, and upshifts of the threshold voltage towards higher voltage, observed 
from Raman, PL, XPS, and electrical characterization of XeF2 treated WSe2, 
respectively, indicate a p-doping effect introduced by vapour XeF2 exposure. The p-
doping effect could be the result of 1) the formation of a substoichiometric WOx (x<3) 
overlayer on thinned WSe2 when exposed to air, 2) trapped reaction product of WF6 
within the thinned WSe2 lattice, and 3) the non-stoichiometric WSex (x>2) formed at 
the reaction layer of WSe2 with vapour XeF2. By simply adjusting the XeF2 exposure 
time, the p-doping level can be controlled easily. The XPS measurements show a 
Fermi level shift of 0.5~0.8 eV as a function of the vapour XeF2 exposure time, and 
the hole doping concentration extracted from electrical measurements can be up to 
25.9 × 1017 cm−3 which lies in the degenerate doping regime. The junction of 
Ti/WOx/thinned WSe2 exhibits a p-type Schottky contact behaviour with a contact 
resistance of more than one order of magnitude lower than that of the Ti/pristine WSe2 
junction. The thinning and p-doping of WSe2 with vapour XeF2 have the combinatorial 
advantages of easy scale-up, excellent controllability, high etching selectivity, and 
compatibility with CMOS fabrication technologies, which is promising for future 
practical applications including tuning the performance of 2D WSe2 via thickness 
engineering and fabricating complex logic circuits, solar cells, and LEDs with 2D 
WSe2.  
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Chapter 5 In-plane elastic properties of 2D 
WSe2 
5.1 Introduction 
Although the elastic properties of some TMDs (such as MoS2 [6, 7, 37] and WS2 [37]) 
have been investigated as mentioned in Section 1.2.1, the experimental measurement 
of elastic properties of 2D WSe2 has not been reported yet. To explore the suitability 
of 2D WSe2 in the applications of flexible electronics or optoelectronics and 
nanoelectromechanical systems (NEMS), the characterization of the elastic properties 
of 2D WSe2 is essential.  
Unlike the conventional tensile or compressive testing method, the in-plane 
mechanical properties testing of 2D materials is usually performed in a suspended 
structure on a substrate due to the small dimension and hence tricky manipulation of 
2D materials. There are mainly two ways of fabricating a suspended structure with 2D 
materials. One approach is to transfer 2D materials directly onto pre-patterned 
substrates, as illustrated in Figure 5-1a [3, 7, 239-244]. The other approach is to 
transfer 2D materials onto a non-patterned substrate first and then remove the 
supportive layer beneath (Figure 5-1b) [70, 76, 135, 136, 245-248] as employed in 
Section 3.2.2. Afterwards, bending experiments on suspended 2D materials under 
application of a controlled concentrated force by a sharp tip or distributed force (e.g., 
electrostatic force or pressure difference) can be performed to study the in-plane 
mechanical properties. In the bending experiments, atomic force microscope (AFM) 
is used widely to characterize the deformation of the suspended 2D sheets under a 
certain amount of external force. Once the relationship of external force versus 
deformation of suspended 2D materials is obtained experimentally, specific 
mechanical models represented by mathematical expressions are selected and applied 
to fit the experimental data to extract the corresponding mechanical parameters of 2D 
materials.  
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Substrate Insulator 2D material Metal
1. Transfer 2D material
2. Deposit and pattern metal
3. Etch sacrificial layer
(b)
1. Pattern the substrate
2. Transfer 2D material
3. Deposit metal (Optional)
(a)
 
Figure 5-1. Schematics of two representative approaches of suspended 2D materials 
fabrication: (a) transfer 2D materials directly onto a pre-patterned substrates; (b) suspend 2D 
materials by removing the supportive layer underneath. 
In this chapter, the in-plane elastic properties (including the Young’s modulus, 
prestress, and breaking strain) of exfoliated 2D WSe2 have been investigated with 
nanoindentation experiments. The detailed characterization method is given in Section 
5.2 and 5.3. The measured statistical results and comparison of elastic properties of 
2D WSe2 to other 2D materials are presented in Section 5.4. The work aims to pave 
the way for the design and fabrication of 2D WSe2-based flexible devices and NEMS.  
5.2 Preparation of suspended WSe2 membranes 
The indentation experiments have been performed on 2D WSe2 membranes suspended 
over circular holes with an atomic force microscope (AFM). Firstly, 300 nm SiO2 has 
been grown on Si substrates by thermal oxidation. Then, the SiO2 layers have been 
patterned with circular hole (1.55 µm and 2.6 µm in diameter, 220 nm in depth) arrays 
by photolithography and CHF3/Ar plasma-based RIE as described in Figure 5-2. 
Figure 5-3 shows the AFM images of a SiO2/Si substrate patterned with hole arrays. 
After etching, the photoresist has been stripped by sonication in acetone, isopropyl 
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alcohol (IPA), and deionized (DI) water sequentially. Then the substrates have been 
soaked in piranha solution (H2SO4:H2O2 = 3:1) for 30 min and rinsed in DI water to 
remove organic residues, followed by O2 plasma treatment to increase the interaction 
between 2D WSe2 flakes and SiO2 surface by removing ambient adsorbates on the SiO2 

















Figure 5-2. Schematic of patterning a SiO2/Si substrate with hole arrays. (a) Spin coating of 
photoresist on top of the substrate. (b) Expose the photoresist under UV light with photomask 
covering on top. (c) Develop the photoresist. (d) Pattern SiO2 with fluorine-based reactive ion 
etching (RIE). (e) Strip the photoresist. 
Thereafter, 2D WSe2 flakes have been exfoliated mechanically from bulk WSe2 
crystals and transferred onto the pre-patterned SiO2/Si substrates with a PDMS stamp. 
Then AFM has been used to obtain the topography and thickness h of WSe2 flakes on 
the substrates. The number of layers of the corresponding flakes has been derived by 
dividing the measured thickness h by interlayer distance. An interlayer distance of 0.70 
nm for WSe2 [103, 140] has been adopted for calculation.  
























































Figure 5-4. (a) Optical image of WSe2 flakes transferred onto a pre-patterned SiO2/Si substrate. 
(b) AFM image of the corresponding WSe2 flake inside the square area of (a). (c) AFM image 
of a WSe2 membrane suspended over a hole and a superimposed height profile (along the 
dashed line) showing a step height of ≈30 nm. (d) Raman spectra of the suspended WSe2 flakes 
with different numbers of layers in the range of 100–500 cm−1. The inset shows the Raman 
spectra of substrate-supported and suspended areas of a 5-layer (5L) WSe2 flake in the range 
of 200–350 cm−1. Spectra are offset vertically for clarity. 
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Figure 5-4a shows the optical image of 2D WSe2 flakes that have been transferred onto 
a substrate pre-patterned with an array of holes, forming several suspended WSe2 
membranes over the holes. Figure 5-4b presents the AFM image of the corresponding 
WSe2 flake in the square area of Figure 5-4a, while Figure 5-4c shows the magnified 
AFM topography image of the suspended area of a 6-layer (6L) WSe2 membrane over 
a 1.55 µm diameter (2r) hole. No visible bubbles, wrinkles or residue particles have 
been found on the membranes, which benefits from the appropriate pressure control 
during the all-dry transfer process of 2D WSe2 onto the substrate [241]. The height 
profile superimposed in the AFM image of Figure 5-4c shows a uniform height around 
the edge of the hole, indicating that the WSe2 membrane adheres tightly to the edge of 
the hole by van der Waals interaction (dispersion forces or dipole interactions or both) 
with the substrate. The Raman spectra of the 2D WSe2 flakes suspended over the holes 
are shown in Figure 5-4d. The in-plane mode E12g (248.7 cm
−1), out-of-plane mode A1g 
(259.6 cm−1) [192], and a weak peak at 308.2 cm−1 arising from the interlayer 
interaction [103] have been observed. No Raman splitting of the E12g mode has been 
observed, indicating no large strain (>1%) exists in the transferred WSe2 flakes [51]. 
The inset of Figure 5-4d compares the Raman spectra of substrate-supported and 
suspended areas of a 5-layer (5L) WSe2 flake. No peak position shift of E
1
2g and A1g 
modes has been found, which suggests a similar level of strain exists in the supported 
and suspended areas. 
5.3 Indentation experiments 
To obtain the in-plane elastic properties of the suspended membranes, indentation 
experiments using AFM have been conducted. Prior to the indentation, the samples 
have been scanned for 1 hour under AFM to minimize the thermal drift of the 
piezoelectric scanner. Then, the tip of an AFM probe has been positioned to the centre 
of the suspended area of a membrane, and the membrane has been indented with a 
loading/unloading rate of 100 nm/s repeatedly for several cycles. The data during the 
loading process has been captured.  
During the indentation experiments, the AFM probe was fixed, while the sample on 
the piezoelectric scanner approached towards the AFM probe, as illustrated in Figure 
5-5. The indentation depth (membrane deformation) at the centre of a membrane has 
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been determined by δ = ΔZ − d, where ΔZ is the displacement of the piezoelectric 
scanner and d is the deflection of the AFM probe as the AFM probe starts to contact 
with the WSe2 membrane. The force applied from the AFM tip onto the membranes 
can be derived from F = k × d, where k is the spring constant of the AFM probe (35.7 
N/m), which has been calibrated with the method mentioned in Section 2.4.  
 
Figure 5-5. Schematic of the indentation experiment on a suspended WSe2 membrane. 
In order to obtain the correct force–deformation (F–δ) curves of the WSe2 membranes, 
it is critical to identify the point where the AFM probe starts to indent the sample, so 
that the ΔZ and δ can be determined precisely. Figure 5-6a shows a representative 
AFM probe deflection d versus scanner displacement Z curve obtained directly from 
the indentation experiment. When the gap between the AFM probe tip and sample is 
close enough, the AFM probe bends downwards suddenly because of the attractive 
force near the surface of the sample (as shown in the inset of Figure 5-6a). As the 
sample continues to approach the probe, the AFM probe bends backwards, then 
straightens, and deflects upwards sequentially. To obtain the point where the AFM 
probe is restored to the zero force point, the differential of the d–Z curve in the inset 
of Figure 5-6a has been calculated, as presented in Figure 5-6b. The centre of the 
relatively flat region (between the two vertical dashed lines) of the differential curve 
is approximately the zero force point (marked as “O”) [3]. Afterwards, the points 
around “O” have been assumed to be the zero force point to extract several sets of 
force–deformation (F–δ) curves that have been fitted with Equation (4-1) using the 
least square method afterwards. The zero force point has been determined when the 
minimum curve fitting error has been achieved. In addition, during the measurement, 
when the maximum indentation depth is applied to a same membrane, no visible 
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difference among the d–Z curves obtained from different times of indentation has been 
observed, as shown in Figure 5-7, indicating that no plastic deformation has occurred 
to the membranes, and the membranes have not slid over the margins of holes either. 
(a) (b)



















































Figure 5-6. (a) A representative AFM probe deflection d versus scanner displacement Z curve 
obtained on a suspended WSe2 membrane. The inset shows a magnified graph of the red 
rectangular area. (b) The differential curve extracted from the d–Z curve in the inset of (a). 






























Figure 5-7. AFM probe deflection d versus scanner displacement Z curves obtained from a 
6-layer WSe2 membrane with 5 times indentation.  
Representative force F versus displacement ΔZ curves on a suspended WSe2 
membrane and a SiO2/Si substrate are shown in Figure 5-8a. When the AFM probe 
indents towards the rigid substrate, the probe deflection d is assumed to be equal to the 
displacement of the scanner ΔZ, which has been used to calibrate the sensitivity of the 
photodetector of the AFM. Since WSe2 owns a three-fold rotation symmetry and the 
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suspended area of WSe2 has circular symmetry, each WSe2 membrane has been 
modelled as a film with isotropic in-plane mechanical properties. Figure 5-8b shows 
the representative force–deformation (F–δ) curves obtained from 2D WSe2 membranes 
with different numbers of layers, which can be approximated with the Schwering-type 
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= + ,  (4-1) 
where 2D
0  is the pretension, r is the radius of the hole, E
2D is the 2D elastic modulus, 
v is the Poisson’s ratio (0.19 [252, 253] for WSe2), and q is a dimensionless constant 
determined by q = 1/(1.05 − 0.15v − 0.16v2). With the least square fitting of the 
experimental data using the Equation (4-1), the pretension 2D0  and 2D elastic 
modulus E2D of the membranes can be derived. The fitted curves (solid lines in Figure 
5-8b) show good agreement with the experimental data, demonstrating the suitability 
of the chosen mechanic model. From this model, we can see the applied load F has an 
approximately linear relationship with the indentation depth δ when the membrane 
deformation is small, while follows a cubic relationship under large deformation.  
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Figure 5-8. (a) Force–displacement (F–ΔZ) curves obtained on a suspended WSe2 membrane 
and a SiO2/Si substrate. (b) Representative force–deformation (F–δ) curves for suspended 2D 
WSe2 membranes with different numbers of layers. The symbols correspond to the 
experimental data, and the solid lines are fitted curves that agree well with the experimental 
results. 
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5.4 Results and discussions 
5.4.1 2D elastic modulus and pretension 
To determine the variation of the mechanical properties of the suspended WSe2 
membranes, statistical analysis has been conducted on several WSe2 flakes with 5-, 6-, 
12-, and 14-layer. For each set of layers, the test has been done on 5 membranes with 
3 different indentation depths twice, and therefore 30 force–deformation curves have 
been obtained, which derives 30 sets of 2D
0  and E
2D from the curve fittings. The 
results in Figure 5-9 show that both the extracted 2D elastic modulus E2D and 
pretension 2D0  are independent of the indentation depth δ, which verifies the WSe2 
membranes undergo linear elastic deformations and no sliding of WSe2 membranes 
over the substrates during the indentation experiments during the measurements.  
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Figure 5-9. 2D elastic modulus E2D (a) and pretension 
2D
0  (b) obtained from suspended WSe2 
membranes with different numbers of layers at various indentation depths. The error bars 
represent the standard deviations. 
The histograms of the derived 2D elastic modulus E2D and pretension 2D0  for WSe2 
membranes with different numbers of layers are shown in Figure 5-10 and Figure 5-11, 
respectively, which can be fitted with Gaussian distributions. The mean 2D elastic 
modulus E2D and their standard deviations are 596 ± 23, 690 ± 25, 1411 ± 61, and 1615 
± 56 N/m for 5-, 6-, 12-, and 14-layer WSe2 membranes, respectively. The deviations 
are attributed to different defect densities, stacking faults in the membranes, offsets of 
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the AFM tip from the centre of membranes, and curve fitting errors. The relative 
standard deviation (ratio of the standard deviation to the mean) of E2D is about 3~4 %, 
while the relative deviation resulting from the offset of the AFM tip is estimated to be 
≈0.5 % conservatively and the relative curve fitting errors have been found to be 
<0.1 %, which indicates that it is the intrinsic crystal property variation across different 
test samples that contributes to the observed deviations most. The 2D elastic modulus 
E2D of the 2D WSe2 membranes has been observed to increase statistically linearly as 
the number of layers increases, as shown in Figure 5-12, indicating that interlayer 
sliding has not occurred during the indentation experiments due to the reported 
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Figure 5-10. Histograms of 2D elastic modulus E2D acquired from the curve fitting for 5L (a), 
6L (b), 12L (c), and 14L (d) WSe2 membranes. The dashed lines indicate the fitted Gaussian 
distributions. 







































































Figure 5-11. Histograms of pretension 
2D
0  acquired from the curve fitting for 5L (a), 6L (b), 
12L (c), and 14L (d) WSe2 membranes. The dashed lines indicate the fitted Gaussian 
distributions. 



























Figure 5-12. 2D elastic modulus E2D of WSe2 membranes as a function of the number of layers. 
The error bars represent the standard deviations. 
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5.4.2 Young’s modulus and prestress 
In order to compare the elastic properties of 2D WSe2 with bulk materials and other 
2D materials, the 2D elastic modulus E2D has been converted to the normal 3D 
Young’s modulus EY by dividing the 2D value by the thickness of the membranes h. 
Figure 5-13a shows the box chart of Young’s modulus EY for WSe2 membranes with 
4 different numbers of layers. No statistical difference of EY among the different thick 
WSe2 membranes has been observed in the results, which indicates the Young’s 
modulus EY of the measured 2D WSe2 membranes is independent of the thickness h. 
The corresponding values are 170.3 ± 6.7, 166.3 ± 6.1, 167.9 ± 7.2, and 164.8 ± 5.7 
GPa for 5-, 6-, 12-, and 14-layer WSe2 membranes, respectively, which is close to one 
of the first principle simulation results [253]. Moreover, the mean value of EY (167.3 
± 6.7 GPa) for 2D WSe2 is smaller than that of multilayer MoS2 (≈330 GPa) [6], 
monolayer MoS2 (≈270 GPa) [7, 37], monolayer WS2 (≈270 GPa) [37] and roughly 
equal to one-sixth of graphene (≈1.0 TPa) [3, 45]. The smaller Young’s modulus of 
2D WSe2 compared to 2D MoS2 and WS2 is possibly due to the weakened binding 
between the metal and chalcogen induced by the increased lattice constant and 
decreased charge transfer of WSe2 [253]. For a given geometry of NEMS, the 
fundamental resonant frequency will be lower if the Young’s modulus of the 
suspended structure is lower or the density is higher [255, 256]. Thus, 2D WSe2 with 
a relatively higher density (9.32 g/cm3) [257] and lower Young’s modulus compared 
to other 2D materials (e.g., graphene, MoS2, and WS2) can be put into the application 
of NEMS resonator working in the audio frequency, such as acoustic sensor [81] and 
loudspeaker [82]. In addition, when flexible electronics composed of 2D materials are 
bent or stretched, extra stress will be formed at the interface between the 2D material 
and soft polymeric substrate, due to the mismatch of their mechanical properties, 
which may weaken the reliability of the devices. 2D WSe2 with lower Young’s 
modulus can reduce this kind of stress and therefore may be more suitable for flexible 
device applications.  
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Figure 5-13. (a) The box chart of Young’s modulus EY for WSe2 membranes with different 
numbers of layers. Each plot includes the minimum, lower quartile, median (horizontal line), 
mean (hollow square), upper quartile, maximum and discrete data at the left. (b) Pretension 
2D
0  and prestress 0  for the corresponding 2D WSe2 membranes. 
Figure 5-13b shows the extracted pretension 2D0  and prestress 0  (pretension 
divided by the thickness of the membranes h) with respect to the number of WSe2 
layers. As can be seen, the pretension 2D0  varies with the thickness of WSe2 h and is 
in the same scale as the reports of Ref. [6, 37] that employ a similar 2D materials 
transfer method. In addition, the prestress 0  decreases approximately linearly as the 
number of layers increases. The prestress 0  existing in WSe2 membranes mainly 
originates from the mechanical exfoliation and transfer process of 2D WSe2. During 
the transfer process, the pressing of PDMS stamp together with 2D WSe2 would have 
resulted in the PDMS stamp expanding laterally due to great softness of the PDMS 
[258], which could have stretched the WSe2 flakes to a certain extent. When the PDMS 
stamp has been peeled off from substrates, the stretched WSe2 flakes have adhered to 
the SiO2/Si substrates by van der Waals force, which results in the positive (tensile) 
pretension residing in the transferred flakes. 
5.4.3 Breaking stress and strain 
During the whole indentation experiments, the maximum force Fmax applied to these 
WSe2 membranes is ≈3200 nN. None of the membranes has been fractured, and all 
still have kept their original elastic properties after this force. The maximum stress σmax 
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for a circular and linear elastic membrane during an indentation experiment with a 











= . (4-2) 
Thus, the maximum stress σmax for a 5-layer WSe2 membrane is calculated to be ≈12.4 
GPa. As the 2D WSe2 has been observed to undergo linear elastic deformation during 
the indentation measurements, assumption of linear relationship of stress with strain 
(σ = EY∙ε) can be made, which results in the maximum strain εmax of approximate 7.3%. 
Therefore, 2D WSe2 can withstand at least ≈12.4 GPa stress and ≈7.3% strain without 
breaking or mechanical degradation (The breaking stress/strain is larger than ≈12.4 
GPa/≈7.3%). This means the breaking strain of 2D WSe2 is at least three times larger 
than that of silicon (0.4~2.2%) [260] and comparable to the common materials used 
for substrates of flexible devices, such as polyimide (PI) and PDMS (≈7%) [49], 
implying the suitability of 2D WSe2 in flexible device applications.  
5.5 Conclusions 
In this chapter, 2D WSe2 membranes suspended over circular holes have been 
fabricated. The elastic properties of the suspended WSe2 membranes with different 
numbers of layers (5-, 6-, 12-, and 14-layer) have been first time determined 
experimentally using nanoindentation methods. The results show that although the 
prestress 0  decreases approximately linearly as the number of layers increases, the 
Young’s modulus EY is independent of the number of layers, which indicates the 
interlayer interaction is strong enough to prevent the interlayer sliding during the 
conducted indentation measurements. The Young’s modulus of 2D WSe2 is about two-
thirds of other most studied 2D semiconducting TMDs, namely MoS2 and WS2, and 
one-sixth of graphene. During the experiments, the measured 2D WSe2 membranes 
have withstood ≈12.4 GPa stress and ≈7.3% strain without breaking or mechanical 
degradation. 2D WSe2 can be an attractive alternative for graphene in some 
applications requiring flexible semiconducting materials, such as bendable transistors, 
photodetectors, and photovoltaics, as well as NEMS resonators operating in the audio 
frequency, such as acoustic sensors and loudspeakers.  
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Chapter 6 Strain and field-effect induced 
electronic properties change of 
WSe2: theoretical studies 
6.1 Introduction 
Internal strain can be formed during the preparation process of 2D materials, such as 
mechanical exfoliation and stamp transfer of 2D materials to target substrates as 
discussed in Chapter 5. Chemical vapour deposition (CVD) synthesis process of 2D 
materials under high temperature (generally above 500 °C) can also results in internal 
strain existing in the synthesised 2D materials due to the thermal mismatch (different 
thermal expansion coefficients between 2D materials and the substrate) [261-263]. 
Moreover, strain can be applied externally to 2D materials by extending or bending 
the flexible substrates that 2D materials are located on or embedded in [50, 52, 264]. 
The electrons in a semiconductor experience the periodic potential of the crystal 
lattice, which leads to the formation of energy bands. Application of stress induces 
changes of the crystal lattice parameters and crystal symmetry properties hence 
modifying the electrons distribution. Therefore, strain can affect the band structure of 
a semiconductor. As introduced in Section 1.2.2, experimental photoluminescence (PL) 
studies have proved that the strains existing in 2D materials can modify the band gaps 
of TMDs [50-53]. The tunable band gap under strain results in the strain-dependent 
optical and electrical properties of TMDs [70, 265, 266], which can be used for novel 
strain sensor applications. Furthermore, strain can be used for engineering the band 
gap for enhancing the performance of TMDs-based optoelectronics, such as 
photodetectors, LEDs, and solar cells. Although the band gap changes can be probed 
via PL measurements, the influence of strain on the crystal structure and band structure 
of 2D TMDs can hardly be quantified with experimental methods. Furthermore, 
neither theoretical or experimental study of electrical transport property of 2D WSe2 
under different levels of strain has been reported.  
In addition, doping TMDs with field-effect is one of the most widely used doping 
methods owing to the advantages of reversibility, great universality, and excellent 
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controllability. Although a great quantity of experimental studies has been conducted 
to characterize the performance of 2D WSe2 under field-effect with various 
configurations (back-gate, top-gate, dual-gate, and electrolyte-gate) [154, 156, 185, 
267, 268], more profound understanding of the influence of the field-effect on the 
fundamental properties, including the crystal structure, band structure, and conductive 
channel size of WSe2 is still unknown due to the inaccessibility by experiments.  
In this chapter, systematic first-principles calculations have been conducted within the 
framework of plane-wave based density functional theory (DFT) to study the 
evolutions of the crystal structure, band structure, and electrical transport property of 
2D WSe2 under the effects of tensile strain and field-effect in Section 6.2 and Section 
6.3, respectively. Computational methods for applications of strain and field-effect 
under the established DFT models are introduced at the beginning of each section 
(Section 6.2.1 and Section 6.3.1). At last, the primary calculated results are 
summarized in Section 6.4. The computed results are expected to provide more 
insights into the strain and field-effect engineering of 2D WSe2 for future practical 
applications such as strain sensors. Note that the calculations in this chapter are under 
the assumption of perfect crystals (no defects) and no contamination from the ambient 
environment.  
6.2 Strain engineering 
6.2.1 Computational methods 
In the structural optimization, both the lattice vectors and atomic coordinates have 
been optimized using the BFGS algorithm with the convergence thresholds of 10−6 Ry 
on total energy and 10−3 Ry/Bohr on force. A full structure relaxation (lattice vectors 
and atomic coordinates) has been first performed to determine the unstrained atomistic 
structure. In the case of strained structures, the lattice parameters have been fixed with 
specific values, and the atomic coordinates have been allowed to relax. The biaxial in-
plane strain is defined as ε = (a − a0)/a0 × 100%, where a0 and a are the lattice constants 
of the unstrained and strained cells, respectively. Then self-consistent field (SCF) 
calculations have been performed to find the ground-state charge density for the 
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previously optimized structures with the convergence threshold for total electronic 
energy set to 10−10 Ry.  
To obtain the electronic band structure and density of states (DOS), non-self-consistent 
calculations have been performed starting from the converged charge density of the 
optimized structures. Compared to the more extensively studied MoS2, WSe2 has been 
reported to possess a stronger spin-orbit coupling (SOC, electromagnetic interaction 
between the electron's magnetic dipole associated with the spin of electrons, its orbital 
motion, and the electrostatic field of the positively charged nucleus) with larger spin-
orbit splitting (SOC induced shifts in an electron's atomic energy levels) due to the 
heavier W and Se atoms [269, 270]. Here, the calculations of band structures and DOS 
with and without inclusion of the SOC effect have been performed comparatively 
using scalar and fully relativistic pseudopotential, respectively.  
















Figure 6-1. (a) Schematic of the 2H-WSe2 crystal structure (grey-W atom; yellow-Se atom). 
(b) The k-path (green) of Γ–M–K–Γ in the Brillouin zone of WSe2. 
Figure 6-1a depicts the crystal structure of 2H-WSe2 (hexagonal symmetry, two atomic 
layers per repeat unit, trigonal prismatic coordination). The WSe2 with an odd number 
of layers contains a mirror plane (mirror symmetry), whereas the one with an even 
number of layers owns an inversion centre (inversion symmetry).  
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Table 6-1. The structural parameters (W–Se bond length dW–Se, Se–Se intralayer distance dSe–
Se, Se–W–Se bond angle θ, and interlayer separation distance L) of WSe2 under various levels 
of biaxial tensile strain. 
Number of layers Strain (%) dW–Se (Å) dSe–Se (Å) θ (°) L (Å) 
1 0 2.542 3.370 80.825 N/A 
1 2.548 3.346 81.564 N/A 
2 2.554 3.322 82.288 N/A 
3 2.561 3.298 82.996 N/A 
2 0 2.540 3.367 80.886 6.591 
1 2.548 3.344 81.625 6.560 
2 2.554 3.320 82.350 6.531 
3 2.561 3.297 83.005 6.504 
3 0 2.542 3.369 80.825 6.588 
1 2.543 3.354 81.251 6.574 
2 2.546 3.341 81.620 6.559 
3 2.550 3.329 81.984 6.544 
Bulk 0 2.540 3.365 80.889 6.566 
1 2.546 3.341 81.629 6.539 
2 2.553 3.317 82.355 6.511 
3 2.560 3.293 83.064 6.485 
 
Table 6-1 lists the structural parameters of WSe2 (W–Se bond length dW–Se, Se–Se 
intralayer distance dSe–Se, Se–W–Se bond angle θ, and interlayer separation defined by 
the proximal W–W interlayer distance L, as annotated in Figure 6-1) under various 
biaxial tensile strains. Note that the calculated dW–Se (2.54 Å) and dSe–Se (3.36 Å) of 
unstained bulk 2H-WSe2 are in agreement with the reported experimental value (2.53 
Å for dW–Se and 3.34 Å for dSe–Se) [122]. As the applied biaxial tensile strain increases, 
the W–Se bond length dW–Se increases whereas the Se–Se intralayer distance dSe–Se and 
the interlayer separation L of multilayer WSe2 decrease. The ionic position change 
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under strain results in modification of the electronic structures of WSe2, which will be 
discussed in the next section.   
6.2.3 Band structure and DOS 
6.2.3.1 Electronic band structure 
Figure 6-2 compares the calculated electronic band structures along the Γ–M–K–Γ k-
point path (Figure 6-1b) for unstrained 1~3-layer and bulk WSe2 without (left column) 
and with (right column) inclusion of the SOC. When the SOC effect is not considered, 
both the conduction band minimum (CBM) and valence band maximum (VBM) are 
located at the K point of the Brillouin zone forming a 1.64 eV direct band gap, which 
is in agreement with the experimental PL results (≈1.65 eV) reported in Ref. [10, 123] 
and Chapter 3. Unlike monolayer WSe2, the unstrained multilayer WSe2 exhibit 
indirect band gap semiconducting features due to the interlayer hybridization. The 
interlayer hopping of electrons between different atomic layers [271] leads to splittings 
of the uppermost valence band (UVB) at the Γ point as well as the lowermost 
conduction band (LCB) at the Λ point that consequently become the VBM and CBM 
of multilayer WSe2, respectively. However, the LCB of multilayer WSe2 is nearly 
degenerate around the K point. In addition, the LCB at the Λ point moves down while 
the UVB at the Γ point shifts up as the number of WSe2 layers increases, while the 
energy of the LCB at the K point stays almost unaffected.  
After inclusion of the SOC effect (presented in the right column of Figure 6-2), the 
band structures of unstrained WSe2 are modified in three significant aspects below: (1) 
the CBM of monolayer WSe2 shifts to the Λ point exhibiting an indirect band gap 
semiconductor, and the VBM of bilayer and trilayer WSe2 move from the Γ point to K 
point in the presence of the SOC, as reported previously in Ref. [51, 272]; (2) 
compared to the calculations without the SOC effect, the band gaps of WSe2 are 
reduced because of the reported underestimation of band gap calculated with the GGA 
method [51] due to the approximations employed in the DFT as introduced in Section 
2.5. Meanwhile the thinner WSe2 tends to undergo greater influence (1.64 to 1.29 eV 
for monolayer, 1.39 to 1.17 eV for bilayer, 1.21 to 1.08eV for trilayer, and 1.00 to 0.92 
eV for bulk); (3), the SOC induced spin-orbit splitting (break in spin degeneracy) of 
the UVB and LCB along the path of M–K–Γ (not including the M and Γ points) has 
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been observed from monolayer and trilayer WSe2, due to the absence of inversion 
symmetry in the WSe2 with odd number of layers [269, 273]. The maximal splitting is 
located at the K point of the UVB (459 meV) observed from monolayer WSe2, which 
is larger than the reported values of monolayer MoS2 (149 meV), MoSe2 (183 meV), 
and WS2 (426 meV) [269], indicating that monolayer WSe2 is a more promising 
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Figure 6-2. Calculated electronic band structures of unstrained 1~3-layer and bulk WSe2 
without (left column, black) and with (right column, red) inclusion of the SOC. Energies are 
given relative to the local maximum of the uppermost valence band (UVB) around the K point. 
The paired arrows at the top right plot point out the SOC induced spin-orbit splitting. 
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Figure 6-3. Computed electronic band structures of monolayer (1L; first row), bilayer (2L; 
second row), trilayer (3L; third row), and bulk (fourth row) WSe2 with inclusion of the SOC 
under different biaxial tensile strains: 0% (first column), 1% (second column), 2% (third 
column), and 3% (fourth column). Energies are given relative to the local maximum of the 
uppermost valence band (UVB) around the K point. The arrows indicate the band gaps of 
direct (A) and indirect (I1, I2, and I3) transitions. 
It is worth noting that although the calculation based on a screened Coulomb Heyd-
Scuseria-Ernzerof (HSE06) hybrid functional or GW approach can possibly fix the 
issue of the underestimation of band gaps, some reports show that these methods can 
also overestimate the band gaps sometimes [274, 275], and more importantly such 
computation methods are considerably computationally expensive. In addition, the 
band structures calculated by HSE06, GW, and PBE methods exhibit similar features 
except for the rigid shift of band gap energy [51, 275-277]. Here, instead of the 
absolute value of the band gap energy, the overall variation trend of band gaps with 
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respect to strain is the focus of this study, which can be predicted reliably with the PBE 
method [273, 276, 277]. Thus, the choice of the PBE exchange-correlation functional 
for this study is believed to be appropriate.  



















































































Figure 6-4 The band energies of the LCB and UVB of monolayer (1L; a), bilayer (2L; b), 
trilayer (3L; c) and bulk (d) WSe2 at particular k points relative to the common vacuum level 
as a function of applied biaxial tensile strain. Straight lines are the linear fits of the computed 
results (scatters). The black (blue) vertical dashed lines indicate the shift of the CBM (VBM) 
from the Λ (K) to K (Γ) point. 
Upon applying biaxial tensile strain, the LCB at the K (Λ) point moves down (up) and 
the UVB at the Γ point upshifts relative to the UVB at the K point, as shown in Figure 
6-3. Continuous increase in strain can result in the shift of CBM from the Λ point to 
K point and VBM from the K point to Γ point. As a result, the occupancy of electrons 
or holes in each valley changes with strain correspondingly. In addition, the values of 
the critical strain correlating to the CBM and VBM relocation points are dependent on 
the number of layers. It can be seen from Figure 6-4, the crossover point of CBM 
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upshifts while VBM downshifts in strain as the number of WSe2 layers increases. As 
the applied strain ranges from 0 to 3%, various transitions of lowest band gap have 
occurred for WSe2 with different thicknesses (I1–A for monolayer WSe2, I1–A–I2 for 
bilayer WSe2, I1–I3–I2 for trilayer WSe2, I3–I2 for bulk WSe2), as shown in Figure 6-5, 
attributing to the dependence of the critical strains for the CBM and VBM shifts on 
the number of WSe2 layers. Meanwhile, the spin splitting of the LCB at the Λ point 
and the UVB at the K point get enhanced while the LCB at the K point is weakened, 
as shown in Figure 6-6.  






























































































Figure 6-5. Computed band gaps for direct (A) and indirect (I1, I2 and I3) transitions of 
monolayer (1L; a), bilayer (2L; b), trilayer (3L; c), and bulk WSe2 (d) as a function of biaxial 
tensile strain ranging from 0 to 3% with inclusion of the SOC. The vertical dashed lines 
indicate the relocations of the CBM (black) and VBM (blue). 
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Figure 6-6. The spin-orbit splitting at various k points of the Brillouin zone (LCB at the K 
point, black; LCB at the Λ point, red; UVB at the K point, green) of monolayer WSe2 as a 
function of biaxial tensile strain. 
6.2.3.2 Projected DOS and band structure 








































































































Figure 6-7. Atomic orbital projected DOS of W (a, c) and Se (b, d) atoms of the unstrained 
monolayer (1L; a, b) and bulk (c, d) WSe2 without the SOC. 
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To gain more insights into the evolution of electronic properties of WSe2 under strains, 
the atomic orbital projected DOS and band structure of WSe2 have been computed 
(without inclusion of the SOC) and analyzed.  
For the electronic bands near the Fermi level (upper part of valence band and lower 
part of conduction band), the electronic states of Se and W atoms are mainly 
contributed from Se 4p and W 5d atomic orbitals, respectively, as presented in Figure 
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Figure 6-8. Atomic orbital projected band structures of W 5d (a, c) and Se 4p (b, d) orbitals of 
the unstrained monolayer (1L; a, b) and bulk (c, d) WSe2. The line width is proportional to the 
projected weight of different atomic orbitals represented by distinct colours. 
Figure 6-8 shows the projected band structures of W 5d and Se 4p orbitals of unstrained 
monolayer and bulk WSe2. Although the VBM and CBM of WSe2 with different 
numbers of layers may lie at distinct k points, the proportional contribution from 
various atomic orbitals to the UVB and LCB is analogical. The UVB at the K valley 
is dominated by the hybridization of bonding W 5dxy+dx2–y2 and Se 4px+py orbitals, 
   
 101 
while the UVB around the Γ point is mainly contributed from the bonding W 5dz2 and 
Se 4pz orbitals. Meanwhile, the LCB at the K point primarily originates from the W 
5dz2 orbitals plus minor contribution of the Se 4px+py orbital, and the local minimum 
of the LCB around the Λ point are favoured by the W 5dxy+dx2–y2 and Se 4px+py 
orbitals. The contribution of W 5dxz+dyz orbital to the band edges can be negligible. In 
addition, the electronic states of W 5dz2 orbital near the LCB and UVB, as well as the 
Se 4pz orbital at the UVB, move towards the centre of the band gap as tensile strain 
increases, as depicted in the projected DOS of monolayer (Figure 6-9) and bulk (Figure 
6-10) WSe2.  
As the LCB and UVB around the K point are primarily composed of the 5d orbital of 
W atoms located in the middle of each atomic layer (Figure 6-1a) owning minimum 
interlayer coupling, increasing the number of WSe2 layers almost does not affect the 
direct band gap at the K point. On the contrary, the UVB at the Γ point and LCB at the 
Λ point exhibit stronger interlayer coupling, due to relatively more contribution of the 4p 
orbital of S atoms that extends beyond the outmost planes of each WSe2 layer. 
Therefore, the band gap energies of indirect I1 (ΛC–KV) and I2 (KC–ΓV) transitions 
present more sensitive dependence on the number of WSe2 layers.  
Application of tensile strain leads to the increase in W–Se bond length and thus the 
reduction in the overlap of atomic orbitals. Then the coupling between the bonding 
orbitals (W 5dz2 and Se 4pz; W 5dxy+dx2–y2 and Se 4px+py) is strengthened while the 
hybridization between the antibonding orbitals (W 5dz2 and Se 4px+py) is weakened 
[278]. As a result, the band energy (Figure 6-3) and spin-orbit splitting (Figure 6-6) 
mainly contributed by the bonding orbitals (UVB at the K and Γ point and LCB at the 
Λ point) rise while the ones dominated by the antibonding orbitals (LCB near the K 
point) fall with increasing strain.  
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Figure 6-9. Atomic orbital projected DOS of W 5d (a) and Se 4p (b) orbitals of monolayer 
(1L) WSe2 with respect to various biaxial tensile strains. 
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Figure 6-10. Atomic orbital projected DOS of W 5d (a) and Se 4p (b) orbitals of bulk WSe2 
with respect to various biaxial tensile strains. 
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6.2.4 Electrical transport property 
Based on the calculated band structures, the electrical transport properties have been 
estimated by using the semi-classical Boltzmann transport theory within the constant 
relaxation time approximation and rigid band approximation, implemented in the 
BoltzTraP code [279]. Within this approximation, the electrical conductivity σ depends 
linearly on the relaxation time τ, and the relaxation time τ scaled in-plane conductivity 
(σxx / τ) is calculated.  
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Figure 6-11. Relaxation time scaled in-plane conductivity (σxx / τ) as a function of doping 
density n ranging from −1013 cm−2 to +1013 cm−2 for monolayer (1L; a), bilayer (2L; b), and 
trilayer (3L; c) WSe2 under various levels of tensile strains at the temperature of 300 K. 
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Figure 6-11 shows the σxx / τ of 1~3-layer WSe2 regarding the doping density (net 
carrier concentration) per unit area n ranging from −1013 cm−2 to +1013 cm−2 at the 
temperature of 300 K. As can be seen, σxx / τ follows a positive linear relationship with 
the doping concentration n, which indicates that in such doping range the 1~3-layer 
WSe2 system can be modelled as a 2D electron gas (electrons free to move in two 
dimensional but bound in the third). The calculated σxx / τ versus tensile strain ε for 
lightly-doped 1~3-layer WSe2 with a net carrier concentration of n = −2×10
12 cm−2 
(electron) or n = +2×1012 cm−2 (hole) are plotted in Figure 6-12a-c. The σxx / τ of the 
n-doped WSe2 show a drastic increase when the applied strain is near the crossover 
point where CBM shifts from the Λ point to K point (0~1.0% for monolayer WSe2; 
1.0~2.0% for bilayer WSe2; 1.5~2.5% for trilayer WSe2). However, application of 
tensile strain close to the relocation of VBM from the K point to Γ point (0.5~2.0% for 
bilayer; 0~1.5% for trilayer) results in an abrupt reduction in the σxx / τ of p-doped 
WSe2. In addition, in the region relatively far ahead of the CBM (VBM) relocation (≤ 
0.5% for n-doped bilayer and trilayer WSe2; ≤ 3% for p-doped monolayer WSe2), the 
σxx / τ of n-doped (p-doped) WSe2 decreases (increases) gradually as the tensile strain 
increases. Whereas, after the relocation of the CBM and VBM (≥ 2.0% strain for n-
doped monolayer WSe2; ≥ 2.5% for p-doped trilayer WSe2), the σxx / τ of both n- and 
p-doped WSe2 shows a rising trend with increasing tensile strain. 
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Figure 6-12. Relaxation time scaled in-plane conductivity σxx / τ (a-c) and calculated in-plane 
conductivity σxx (d-f) of n-doped (black plots) and p-doped (blue plots) 1~3-layer WSe2 as a 
function of biaxial tensile strain at the temperature of 300 K with net carrier concentrations of 
n = −2×1012 cm−2 (electron, black) and n = +2×1012 cm−2 (hole, blue), respectively. Vertical 
dashed lines indicate the CBM (black) and VBM (blue) relocation points. 
In order to estimate the relaxation time τ, the acoustic-phonon-limited carrier mobility 
µ is calculated analytically using the deformation potential (DP) theory (because the 
coherent wavelength of thermally activated carriers at room temperature is close to the 
acoustic phonon wavelength and way larger than the lattice constant) [280]. Based on 
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the DP theory, the mobility of 2D materials has been extensively evaluated with the 













E k T m
 = , (5-1) 
where e is the elementary charge, ħ is the reduced Planck constant, kB is the Boltzmann 
constant, T is the temperature. m* represents the effective mass of the carriers which 
can be approximated from ( )
1
* 2 2 2/m E k k
−
 =  
 
 (parabolic dispersion) in case of 
the 2D electron gas, where ( )E k  is the band energy of the CBM (VBM) with respect 
to the vacuum level at the wavevector k  for electron (hole). The DP constant E1 of the 
VBM for hole and CBM for electron is defined by ( )1 /E E k =   , describing the 
band energy shift rate of the VBM or CBM under strain ε, extracted by linear fittings 
of the data in Figure 6-4. The term C2D is the 2D elastic modulus, which is determined 
by quadratic fittings of total energy increase versus strain curve with the expression of 
2
str 0 0 2( ) / / 2DE E S C − = , as shown in Figure 6-13, where Estr – E0 is the total energy 
variation of the cell caused by application of strain ε, and S0 is the lattice area in the x-
y plane of the unstrained cell. It is worth noting that since the Equation (5-1) only 
considers the coupling between free carriers and acoustic phonons, it can overestimate 
the carrier mobility considering that in reality, carriers can also be scattered by other 
factors such as defects.  
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Figure 6-13. The plots of total energy changes (Estr – E0) of monolayer (1L; a), bilayer (2L; b), 
trilayer (3L; c), and bulk (d) WSe2 under different levels of tensile strain (scatters) and 
corresponding parabolic fits (solid lines). 
Subsequently, the relaxation time τ can be estimated from the calculated 2D carrier 
mobility µ2D by the relation of τ = m*µ2D /e. The calculated values of DP constant E1, 
effective mass m*, 2D carrier mobility µ2D, and relaxation time τ of 1~3-layer WSe2 
under different levels of strain are listed in Table 6-2. Note that when the energy 
differences between the local maxima of the UVB at the K point and Γ point is small 
(around the VBM relocation point), the doping holes may occupy both the K and Γ 
valleys simultaneously, which is not applicable to the DP theory. Thus, the data lying 
in such region have not been taken into account. Similarly, the data have also been 
omitted where the energies of the local minima of the LCB at the Λ point and K point 
are proximal.  
After the relaxation time τ is estimated, the in-plane conductivity σxx can be obtained 
with the previously calculated σxx / τ. Figure 6-12d-e show the plots of in-plane 
conductivity σxx versus strain ε for lightly n- and p-doped 1~3-layer WSe2 with a carrier 
concentration of n = −2×1012 cm−2 (electron) or n = +2×1012 cm−2 (hole). For 
unstrained 1~3-layer WSe2 with light n-doping, doping electrons first occupy the 
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valley at the Λ point where the CBM is located. Then the K valley becomes to be 
favoured by doping electrons after the CBM shifts from the Λ point to K point induced 
by tensile strain where the electrons possess much (≥ 3 times) shorter relaxation time 
τ. For this reason, the strain induced CBM shift can result in considerable reductions 
in electron conductivity at the strain range of 0~1.0% for monolayer, 0.5~1.5% for 
bilayer and 1.0~2.0% for trilayer WSe2, as observed from Figure 6-12d-e. Far from 
the shift of the CBM, the effective mass m* as well as the relaxation time τ of the 
electrons show negative (positive) relationship with tensile strain before (after) the 
CBM relocation, as listed in Table 6-2, following the same tendency of σxx / τ versus ε 
(Figure 6-12a-c), which contributes to a similar overall relationship of σxx – ε to σxx / τ 
– ε in such range.  
In contrast, the relaxation time τ of the holes of p-doped WSe2 occupying the K valley 
is close to (slightly longer) that filling the Γ valley. Therefore, during the relocation of 
the VBM from the K point to Γ point (1.0~2.0% strain for bilayer WSe2; 0~1.0% strain 
for trilayer WSe2), the conductivity σxx of p-doped WSe2 has not been affected 
significantly. Outside the region of the VBM shift, the relaxation time τ increases as 
the strain increases, like σxx / τ. The above factors result in the similar relationship of 
σxx versus ε to σxx / τ versus ε for p-doped WSe2 across the whole strain range (0~3%), 
regardless of the number of WSe2 layers. The above calculated results can provide a 
guideline for tuning the performance of future WSe2 based strain sensor by varying 
the thickness or type of carriers of WSe2. It can also be concluded that compared to 
the p-doped WSe2, in general, n-doped WSe2 exhibits a greater sensitivity of the 
conductivity to the applied tensile strain with the maximum calculated gauge factor 
being ≈305, ≈160, and ≈105 for n-doped monolayer, bilayer, and trilayer WSe2, 
respectively, which is higher than that of 2D MoS2 (148 for monolayer and 44 for 
trilayer) [70] and graphene (≈2) [65-69]. Therefore, 2D WSe2 is more promising for 
sensitive strain sensor applications.  
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Table 6-2. Deformation potential (DP) constant E1, effective mass m*, 2D carrier mobility µ2D, 
and relaxation time τ for hole and electron of lightly-doped 1~3-layer WSe2 under different 
levels of tensile strain. 
Number of layers Strain (%) Carrier E1 (eV) m* (me) µ (cm2/V∙s) τ (ps) 
1 0 Hole −12.606 −0.373 72.413 1.533 
Electron −9.636 0.439 89.263 2.227 
1 Hole −12.606 −0.353 80.689 1.619 
Electron −24.020 0.396 17.651 0.397 
2 Hole −12.606 −0.336 89.274 1.703 
Electron −24.020 0.381 19.134 0.414 
3 Hole −12.606 −0.321 98.052 1.784 
Electron −24.020 0.371 20.107 0.424 
2 0 Hole −18.09 −0.377 68.820 1.472 
Electron −14.237 0.473 70.565 1.893 
1 Hole −18.09 −0.357 76.631 1.553 
Electron N/A N/A N/A N/A 
2 Hole −9.894 −0.902 40.087 2.053 
Electron −29.402 0.384 25.090 0.547 
3 Hole −9.894 −0.803 50.597 2.307 
Electron −29.402 0.373 26.567 0.563 
3 0 Hole −21.014 −0.375 76.947 1.637 
Electron −16.780 0.474 75.4716 2.031 
1 Hole −13.454 −0.835 37.793 1.792 
Electron −16.780 0.488 71.110 1.971 
2 Hole −13.454 −0.749 47.059 2.000 
Electron −32.164 0.386 30.960 0.679 
3 Hole −13.454 −0.681 56.856 2.199 
Electron −32.164 0.374 32.965 0.700 
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Note that the experimental conductivity of pristine 7-layer WSe2 has been extracted to 
be ≈0.5 S/m when VGS = 0V with the free electron carrier concentration of 1.03 × 10
11 
cm−2 as presented in Figure 4-16a. While the DFT calculated conductivity under the 
same electron carrier concentration is 7.1 × 104, 7.0 × 104, and 5.0 × 104 S/m for 
unstrained monolayer, bilayer, and trilayer WSe2, respectively based on the calculated 
results of σxx / τ (Figure 6-11) and τ (Table 6-2). The overestimation of the calculated 
conductivity is possibly due to not inclusion of crystals defects, fabrication residue, 
charge scattering sites existing at the WSe2/SiO2 interface, water adsorbates from the 
ambient environment, and etc. in the DFT model. However, the variation trend of the 
conductivity of 2D WSe2 as a function of tensile strain is focused here, which can be 
predicted with the employed DFT calculation. 
6.3 Field-effect doping 
This section will move on to the discussion of the influence of field-effect doping on 
the crystal structure, band structure, conductive channel size, and electrical transport 
property of 2D WSe2.  
6.3.1 Computational methods 
Figure 6-14 shows a simple configuration of the field-effect doping calculation, in 
which a crystal system is separated from a gate electrode by a dielectric layer. 
Application of a gate voltage VGS results in the misalignment of the Fermi levels of the 
gate electrode and the system. For this reason, opposite charges gather around the 
gate/dielectric and dielectric/system interfaces. At the system side, the field-effect 
doping charge per unit area n as a function of the applied gate voltage VGS can be 
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where VC and VV are the potential extrema to fill the CBM and VBM of the system, 
respectively. C represents the capacitance per unit area of the dielectric layer 
determined by C = ε0εr/d, where ε0 is the vacuum permittivity, εr is the dielectric 
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constant depending on the type of the gate dielectric material, and d is the dielectric 
thickness. In the dielectric layer, a constant electric field exists due to the formation of 
opposite charges at the left and right sides of the dielectric layer, and hence the 
potential in the dielectric layer increases or decreases monotonously along the z-
direction. However, the potential changes rapidly at the dielectric/system interface due 
to the nonuniform distribution of the doping charges inside the crystal system close to 
the dielectric layer. On the contrast, for the region relatively far away from the 
dielectric/system interface where doping charges barely exist in the system, the 
potential in the system oscillates periodically dominated by the periodic distribution 










Figure 6-14. Top: Schematic diagram of a field-effect configuration including a gate, a 
dielectric layer, and a crystal system. Bottom: The Fermi energies of the gate and crystal 
system (dashed lines) together with electrostatic potential in the dielectric layer and crystal 
system along the z-direction (solid lines). Adapted from [286]. 
To describe such FET configuration using the DFT method within the periodic 
boundary condition, a simplified model [286] has been used as shown in Figure 6-15. 
The gate electrode has been modelled as a charged plate to simulate the charge formed 
at the gate/dielectric interface when gate voltage VGS is applied. The charged plate is 
positioned at zgate = 0.011 Lz, where Lz is the size of the unit cell in the z-direction and 
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meanwhile, possesses the same amount of charges as the doping charges in the crystal 
system but with an opposite polarity. Then the dielectric layer is simplified as a 
potential barrier with a width db of 0.1 Lz and an energy height of 3 Ry to prevent the 
ions in the system moving too close to the charged plate during the structural relaxation 
of the system under field-effects. Within the periodic boundary condition, the doped 
system can interact with nearby periodically imaged charged plate in the z-direction 
producing an artificial electric field, which disagrees with the real situation where the 
electric field should be zero in the vacuum region far from the crystal system. To 
cancel such artificial electric field, an electric dipole (formed by two oppositely 
charged planes) has been inserted at the back of the gate electrode (zdiploe = 0~0.1 Lz) 
to avoid the interaction between the doped system and the next imaged charged plate. 
With this model, the crystal structure of 1~3-layer WSe2 under various degrees of 
field-effect have been optimized. Subsequently, the non-self-consistent calculations of 
the optimized structures have been performed with inclusion of the SOC to obtain the 
electronic band structure and spatial distribution of the doping charges. At last, the 










Figure 6-15. Schematic of the DFT model (not to scale) employed for the computation of the 
p-type field-effect doping of a bilayer WSe2. 
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6.3.2 Structural geometry 
Figure 6-16 shows the variations of three selected structural parameters of trilayer 
WSe2 as a function of the field-effect doping density n. As presented in Figure 6-16a, 
application of gate voltage VGS results in discrepancies of W–Se bond length dW–Se 
(and hence the Se–W–Se bond angle θ) not only among different atomic layers but 
also between the top and bottom W–Se pyramids in the same atomic layer. Moreover, 
the W–Se bond length dW–Se of the W–Se pyramid closest to the dielectric (the bottom 
pyramid of the first layer) has been observed to undergo the most considerable change 
under the field-effect and exhibit a positive relationship with the field-effect doping 
density n. Compared to the first layer, the W–Se bond length dW–Se of the second layer 
shows slight variations with different doping densities, and the dW–Se for the third layer 
even stays almost unchanged. Similar behaviour has been observed for the Se–Se 
intralayer distance dSe–Se and interlayer separation L, whose significant changes occur 
closest to the dielectric, as shown in Figure 6-16b and Figure 6-16c, respectively. 
Increasing doping charge density leads to further Se–Se intralayer distance dSe–Se in 
the first layer and reduction in the interlayer separation L between the first and second 
layers. However, the Se–Se intralayer distance dSe–Se in the third layer and the 
interlayer separation L between the second and third layers are nearly constant under 
varying doping density. The above phenomenon has also been found from monolayer 
and bilayer WSe2. Note that, such structural changes under field-effects can contribute 
to the loss of crystal symmetries, namely, the mirror symmetry and inversion 
symmetry for WSe2 with odd and even number of layers, respectively. It has been 
reported that the piezoelectric property can be observed in TMDs with an odd number 
of layers only, arising from the broken inversion symmetry [30, 75]. In the condition 
of the field-effect doping induced symmetry breaking, the piezoelectric property is 
predicted to be observed in WSe2 with an even number of layers.  
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Figure 6-16. The W–Se bond length dW–Se (a), Se–Se intralayer distance dSe–Se (b), and 
interlayer separation L (c), as defined in Figure 6-1a, of trilayer (3L) WSe2 versus field-effect 
doping concentration n. 1st, 2nd, and 3rd in the legends of figures indicate the order of the 
atomic layers closet to the dielectric. 
6.3.3 Electronic band structure 
Figure 6-17 and Figure 6-18 present the influence of n- and p-type field-effect doping 
on the electronic band structures of 1~3-layer WSe2, respectively. As can be seen, 
field-effect does not merely act as rigid doping but also modifies the shape of the band 
structures. Figure 6-19 shows the band energies of the local minima and maxima of 
the LCB and UVB at special k points with respect to the Fermi levels under different 
degrees of field-effect doping. For n-type doping, the doping electrons solely occupy 
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the LCB at the Λ valley of 1~3-layer WSe2, while the K valley first approaches and 
then reverses away from the Fermi levels with increasing doping density n, as shown 
in Figure 6-17 and Figure 6-19. In contrast to the n-type doping, the doping holes in 
the p-type doping first occupy the VBM valley at the K point then both the K and Γ 
valleys get occupied as the hole doping density keeps increasing (Figure 6-18 and 
Figure 6-19). In addition, fewer doping holes are needed to occupy the Γ valley for 
WSe2 with more number of layers (≈9×10
13 cm−2 for monolayer WSe2, ≈3×10
13 cm−2 
for bilayer WSe2, ≈2×10
13 cm−2 for trilayer WSe2) due to the smaller energy difference 
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Figure 6-17. Calculated electronic band structures of monolayer (1L; top row), bilayer (2L; 
middle row), and trilayer (3L; bottom row) WSe2 with inclusion of the SOC effect under 
different degrees of n-type field-effect doping. Energies are given with reference to the Fermi 
levels.  
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Figure 6-18. Calculated electronic band structures of monolayer (1L; top row), bilayer (2L; 
middle row), and trilayer (3L; bottom row) WSe2 with inclusion of the SOC effect under 
different degrees of p-type field-effect doping. Energies are given with reference to the Fermi 
levels. 
In addition, distinct from the Figure 6-2, spin-orbit splitting appears in bilayer WSe2 
resulting from the field-effect induced broken inversion symmetry. Figure 6-20 depicts 
the spin-orbit splitting of the LCB at the K (black) and Λ points (red) together with the 
UVB at the K point (green) of 1~3-layer WSe2 as a function of the field-effect doping 
density n. The spin-orbit splitting of the UVB at the K point increases monotonically 
as the hole doping density increases, while the LCB at the K and Λ points shows 
distinct behaviour for n-doped WSe2 with different numbers of layers. More 
interestingly, the spin-orbit splitting of the LCB at the K point for trilayer WSe2 first 
gets weakened and then enhanced with increasing levels of n-type field-effect. The 
reason for this phenomenon needs to be studied systematically in the future. Moreover, 
bilayer and trilayer WSe2 have been observed to possess greater sensitivities of the 
spin-orbit splitting to the field-effect compared to monolayer WSe2, which might 
attribute from larger degree of symmetry breaking in multilayer WSe2. As the spin-
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orbit splitting affects the spin-polarized carrier populations (larger spin splitting 
increases the spin polarization of the carriers) [11], multilayer WSe2 can be a 
promising candidate for gate-controlled spintronic devices.  





































































































































Figure 6-19. The band energies of the LCB at the K (black) and Λ (red) points as well as the 
UVB at the K (green) and Γ (blue) points of monolayer (1L; a), bilayer (2L; b), and trilayer 
(3L; c) WSe2 with reference to the Fermi level versus the field-effect doping density n. The 
horizontal dashed lines indicate the Fermi levels. For n-type (p-type) doping, the valleys with 
band energies below (above) the Fermi levels are occupied by doping electrons (holes). 
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Figure 6-20. The spin-orbit splitting at various k points (LCB at the K point, black; LCB at the 
Λ point, red; UVB at the K point, green) of monolayer (1L; a), bilayer (2L; b), and trilayer 
(3L; c) WSe2 as a function of field-effect doping density n. 
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Figure 6-21. The planar-averaged distribution of n-type (a) and p-type (b) field-effect doping 
charges along the z-direction of trilayer WSe2. The vertical dashed lines indicate the left and 
right boundaries of the dielectric layer. The schematics of trilayer WSe2 crystal at the top of 
each figure show the location of the ions of undoped trilayer WSe2. 
Figure 6-21 shows the planar-averaged distribution of the doping charges along the z-
direction of trilayer WSe2 under different levels of field-effect doping. As can be seen, 
in the same atomic layer, the doping charges mainly localize around the W atoms and 
fewer around the Se atoms. For the case of light electron doping (the first row of Figure 
6-21a), most of the doping charges are located asymmetrically around the W atoms 
within the first layer (closest to the dielectric) with fewer occupancies within the 
second and third layers. As the electron doping density increases, the localization and 
asymmetric distribution of the doping charges in the first layer become more 
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prominent. When the electron doping density reaches −15×1013 cm−2 (the bottom row 
of Figure 6-21a), the distribution of the doping charges on the third layer is almost 
negligible. Distinct from the n-type field effect doping, the doping charges for the light 
p-type doping (the first row of Figure 6-21b) are mainly localized within the first layer 
symmetrically around the W atoms with negligible occupancies of the doping charges 
within the second and third layers. Further increase in the hole doping density results 
in the asymmetric distribution of the doping charges in the first layer. Note that, such 
localization behaviour of the doping charges in WSe2 also contributes to the observed 
most notable structural change in the first layer (Figure 6-16). In addition, the whole 
WSe2 system moves closer to the dielectric as the doping level increases for both n- 
and p-type doping.  
Figure 6-22 gives the proportional distribution of field-effect doping charges within 
each atomic layer of trilayer WSe2. When the WSe2 is lightly n-doped (n = −10
13 cm−2), 
two-thirds of the doping charges occupy the first layer approximately with the least 
occupancy in the third layer. Increasing the n-type doping level results in stronger 
localization of the doping electrons in the first layer and thus thinner conductive 
channels. In contrast, for the p-type doping, the doping holes are mainly located in the 
first layer with initial light hole doping (n = +1013 cm−2). With increasing hole doping 
level, a decrease in the relative proportion of the doping holes in the first layer has 
been observed in the beginning. However, after the doping density is above +7×1013 
cm−2, the relative proportion of the doping holes in the first layer starts to exhibit a 
positive relationship with the doping density n. The reason for such result is possibly 
due to the conversion of sole occupancy of the doping holes at the K valley to the 
occupancy at both the K and Γ valleys with increasing doping hole density, as observed 
previously in Figure 6-19. As discussed before, the states at the K valley of the UVB 
are mainly contributed by the in-plane states, namely, W 5dxy+dx2–y2 and Se 4px+py 
orbitals, which own a weaker hybridization between the layers. Whereas, the holes 
located at the Γ valley are featured with out-of-plane contributions (W 5dz2 and Se 4pz 
orbitals) with stronger hybridization between the atomic layers. For this reason, the 
doping holes are localized within the first layer when the K valley is occupied only, 
while the occupancy of the Γ valley makes the conductive channel expand from the 
first layer to few layers. However, further increasing the doping density (above 
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+7×1013 cm−2) leads to more substantial screening of the gate electric field, for which 
reason the doping holes tend to get localized towards the first layer once again 
contributing to the thinning of the conductive channel.  






























































Figure 6-22. The proportions of the field-effect doping charges present in each atomic layer of 
trilayer WSe2 as a function of the doping charge density n. 1st, 2nd, and 3rd in the legends of 
figures indicate the order of atomic layers closest to the dielectrics. The vertical dashed line 
indicates the starting point of the doping holes occupancy at both the K and Γ valleys. 
6.3.5 Electrical transport property 
In this section, the influence of field-effect on the electrical transport properties of 
1~3-layer WSe2 will be discussed. Figure 6-23 shows the relationship of the calculated 
relaxation time scaled in-plane conductivities (σxx / τ) of 1~3-layer WSe2 versus the 
field-effect doping density n ranging from −15×1013 cm−2 to +15×1013 cm−2 at the 
temperature of 300 K. As can be seen, under same levels of field-effect doping, the 
conductivity is higher for WSe2 with less number of layer. In addition, for both n- and 
p-type doping, the σxx / τ increases nonlinearly as the doping density n increases, with 
the increase rate for n-type doping being faster whereas the nonlinearity for p-type 
doping being more pronounced, which is distinct from Figure 6-11. This nonlinearity 
might be induced by the factors below: (1) the deviation of the electronic bands from 
the pure parabolic dispersion under field-effect; (2) the occupancy of the doping charge 
at multiple bands at the same k point when the n-type doping is in high level (fourth 
column of Figure 6-17); (3) the occupancy of the doping charges at multiple valleys 
located at different k points observed in the p-type doping (third and fourth columns 
of Figure 6-18). Note that, in such case, the effective mass m* of the WSe2 system 
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cannot be defined by ( )
1
* 2 2 2/m E k k
−
 =  
 
 at one particular k point, but needs to 
be averaged over the entire bands of filled states instead [287].  









































































































Figure 6-23. The relaxation time scaled in-plane conductivities (σxx / τ) of monolayer (1L; a), 
bilayer (2L; b), and trilayer (3L; c) WSe2 at the temperature of 300 K with respect to the field-
effect doping charge density n. The vertical dashed lines indicate the starting points of the 
doping holes occupancy at both the K and Γ valleys. 
6.4 Conclusions 
In this chapter, the influence of biaxial tensile strain and field-effect on the crystal 
structure, electronic band structure, and electrical transport property of 1~3-layer 
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WSe2 has been investigated with the DFT method. The results show that 2D WSe2 
possess a relatively strong SOC effect that should not be neglected during the DFT 
calculation. The band energies at different k points of the Brillouin zone respond to 
the applied strain differently arising from the distinct atomic orbital contributions to 
the electronic bands at different k points. Application of biaxial tensile strain can not 
only result in the shrinkage of band gaps and but also relocations of the VBM and 
CBM of 2D WSe2. The critical strains corresponding to the shifts of the VBM and 
CBM are dependent on the thickness of WSe2. The relationship between the 
conductivity and tensile strain shows discrepancy for 2D WSe2 with different types of 
carriers and numbers of layers. Compared to p-doped 2D WSe2, in general, n-doped 
2D WSe2 exhibits a higher sensitivity of the conductivity to the applied tensile strain. 
The calculated gauge factor for n-doped 2D WSe2 can be as high as ≈305, ≈160, and 
≈105 for monolayer, bilayer, and trilayer form, respectively, which is larger than 
graphene and 2D MoS2. Therefore, n-doped 2D WSe2 is more promising for sensitive 
strain sensor applications.  
Under the field-effect doping, although the structural parameters of WSe2 have not 
undergone much change, the applied gate voltage VGS can break the mirror symmetry 
and inversion symmetry, which modifies the spin-splitting energies of 2D WSe2, 
especially for multilayer WSe2. The field-effect doping electrons are located at the Λ 
valley regardless of the doping density, while the doping holes occupy the K valley 
under light doping but both the K and Γ valleys for heavier doping. In addition, the 
conductive channel thickness determined by the doping charge distribution is affected 
by the polarity of doping and doping density. Under a relatively strong field-effect, the 
conductive channel is almost narrowed to the first atomic layer (closest to the 
dielectric) for both n- and p-type doping. The relationship of the relaxation time scaled 
in-plane conductivities σxx / τ versus the field-effect doping density n exhibits distinct 
nonlinear behaviours depending on the type of carriers and number of WSe2 layers.   
The theoretical analysis in this chapter provides insights on the strain and field-effect 
modulation of 2D WSe2, which can benefit not only further fundamental studies of 
WSe2 under the effects of strain and field-effect but also future applications of 2D 
WSe2 in strain sensors as well as novel field-effect devices (e.g., gate-controlled 
spintronics and nanogenerators).  
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Chapter 7 Conclusions and future work 
Motivated by the promising prospect of 2D semiconducting devices, the electronic and 
mechanical properties of 2D WSe2 have been studied experimentally and theoretically 
in this research.  
Firstly, the fabrication of substrate-supported and suspended pre-patterned WSe2 FETs 
have been realised for the first time with the low-cost optical lithography and vapour 
HF etching technology. The comparative electrical measurement of the fabricated 
substrate-supported and suspended WSe2 FETs indicates that the WSe2/dielectric 
interface can affect the electrical performance of 2D WSe2 FETs negatively. Such 
result implies that the performance of WSe2 FET can be improved by optimizing the 
quality of WSe2/dielectric interface, such as preparing the dielectric layer with a 
smoother and cleaner surface and developing a residue-free transfer method of 2D 
WSe2.  
Further DFT theoretical studies show that the field-effect can break the mirror 
symmetry and inversion symmetry of 2D WSe2, which could modify the spin-
polarized carriers’ population and piezoelectrical property of 2D WSe2. In addition, 
the conductive channel thickness of 2D WSe2 can be affected by both the polarity of 
free carriers and field-effect doping density. Under a relatively high field-effect, the 
conductivity of 2D WSe2 is mainly contributed by the atomic layer closest to the 
dielectric. The calculated results here provide deeper understating of field-effect 
modulation of 2D WSe2 for further fundamental studies and meanwhile, predict that 
novel gate-controlled spintronics and nanogenerators could be built from 2D WSe2.  
Moreover, this research shows that layer thinning and p-type doping of WSe2 with the 
characteristics of easy scale-up, high etching selectivity, and good compatibility with 
CMOS fabrication technology can be realized by vapour XeF2 exposure. By merely 
adjusting the XeF2 exposure time, the thinning thickness and p-doping level of WSe2 
can be controlled easily. The thinning of WSe2 by vapour XeF2 features excellent 
smoothness of the thinned surface, which can be used for tailoring the performance of 
2D WSe2 via thickness engineering in the future. The p-doping of 2D WSe2 with 
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vapour XeF2 also benefits from good air-stability, which has been proven in the 
Raman, photoluminescence (PL), X-ray photoelectron spectroscopy (XPS), and 
electricity characterizations. This doping approach is promising for future building 
complex logic circuits, solar cells, and LEDs with 2D WSe2.  
For the studies of the mechanical property of 2D WSe2, the in-plane elastic property 
of 2D WSe2 has been first time experimentally characterized using nanoindentation 
method under an atomic force microscopy (AFM). The Young’s modulus EY of the 
measured 2D WSe2 (167.3±6.7 GPa) with the thickness of 5-, 6-, 12-, and 14-layer is 
statistically independent of the thickness of WSe2, whose value is about one-sixth of 
graphene and two-thirds of other most investigated 2D TMDs, namely, MoS2 and WS2. 
Also, the 2D WSe2 can withstand ≈7.3% strain without breaking or mechanical 
degradation. The above features make 2D WSe2 more suitable for applications in 
flexible devices and nanoelectromechanical systems (NEMS) working in low resonant 
frequency such as acoustic sensors and loudspeakers, compared to the graphene, MoS2, 
and WS2.  
DFT theoretical studies have shown that application of biaxial tensile strain can not 
only result in the shrinkage of the band gaps and but also relocations of the VBM and 
CBM of 2D WSe2. The critical strains corresponding to the shifts of the VBM and 
CBM are dependent on the thickness of WSe2. Furthermore, the evolution of the 
conductivity under tensile strain shows discrepant behaviours for WSe2 with different 
types of carriers and numbers of layers. Compared to graphene and 2D MoS2, n-doped 
2D WSe2 is predicted to possess a higher gauge factor (as high as ≈305, ≈160, and 
≈105 for monolayer, bilayer, and trilayer form, respectively) making it more promising 
for sensitive strain sensor applications.  
In terms of the future work, more systematic studies need to be carried out in the future 
to gain a deeper understanding of the mechanism of the observed WSe2/SiO2 interface 
effects, including characterizing the electrical performance of the suspended WSe2 in 
different humidity and temperature environment. In addition, piezoresistive properties 
of 2D WSe2 should be investigated experimentally to provide more knowledge for 2D 
WSe2 strain sensor applications. Figure 7-1 proposes the setup for the measurement, 
in which a suspended WSe2 FET device is indented by an AFM probe. The indentation 
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of the AFM probe will apply specific strains to the suspended WSe2 channel, and 
meanwhile, the conductivity of the strained WSe2 can be obtained by measuring the 
drain-source current IDS when a drain-source bias voltage VDS is applied. Furthermore, 
the resonant behaviour (resonant frequency and amplitude under different actuation 
parameters) of 2D WSe2 should be investigated to explore the possibility of 2D WSe2 
applications in the acoustic sensors and loudspeakers.  
 
Figure 7-1. The schematic setup for measuring the piezoresistivity of 2D WSe2. 
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Appendix A Raman spectra of WOx 






















Figure A-1. Raman spectra of pristine WSe2 and XeF2 treated WSe2 under various conditions 
in the range of 650–900 cm−1. The spectra are offset vertically for clarity.  
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Appendix B XeF2 doping concentration and 
Fermi level calculation of WSe2 
Considering an electronic system with parabolic dispersion, for a nondegenerate p-



















 is the effective density of states of 
the valence band, *
hm  is the hole’s effective mass, i.e., 0.45m0 for WSe2 [288, 289], 
and m0 is the electron rest mass. NV is calculated to be 7.50 × 10
18 cm−3 at T = 298K. 
Similarly, for nondegenerate n-type doping (EC − EF>3kT), the electron concentration 


















 is the effective density of 
states of the conduction band and *em  is the electron’s effective mass of 0.34m0 [289, 
290]. NC is calculated to be 4.92 × 10
18 cm−3 at T = 298K. Therefore, the carrier 
concentration at the boundary of nondegenerate and degenerate doping for p-type (EF 
− EV = 3kT) and n-type (EC − EF = 3kT) is estimated to be 3.73 × 10
17 cm−3 and 2.45 × 
1017 cm−3, respectively.  
As shown in Figure 4-16a, when VGS = 0V, electrons are the dominant charge carriers 
for pristine WSe2 FET while for XeF2 thinned WSe2 FET, holes are the majority 
carriers. The volume carrier concentrations at VGS = 0 V, derived from the equation n 
= IDSL/qWdμVDS, are 2.11 × 10
17 cm−3 (ne) and 27.86 × 10
17 cm−3 (nh) for pristine and 
XeF2 thinned WSe2, respectively. Note that the XeF2 treatment results in degenerate 
doping of WSe2 on account of one order of magnitude higher hole concentration than 
the maximum carrier concentration of nondegenerate p-doping. For pristine WSe2, the 
Fermi level can be estimated using the nondegenerate n-doping relation mentioned 
before, and EC − EF is calculated to be ≈81 meV. For degenerately p-doped WSe2 by 
vapour XeF2, the Fermi level can be obtained by the Joyce and Dixon approximation 
[291]:  










, giving EF − EV ≈ 22 meV. 
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